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ABSTRACT 

Advances by all nations in ship silencing, passive sonar 
detection and active sonar target strength reduction have made 
Significant improvements in the acoustic performance of conven- 
tional submarine designs excessively difficult and expensive. An 
unconventional propulsion system located outside of the pressure 
hull offers potential acoustic improvements, improved arrangement 
flexibility, and possible increases in hydrodynamic performance, 
among other improvements. Outside The Hull Electric Propulsion 
(OTHEP) uses an inverted geometry, squirrel-cage induction motor 
to drive a large hub-to-diameter ratio propeller. A quantitative 
means to predict radiated sound power levels is needed to assess 
the relative acoustic merit of OTHEP. 

To determine the feasibility of OTHEP, a single iteration 
submarine design is performed. The propulsion induction motor 
configuration from the design is used to develop a relationship 
which describes the forces of electromagnetic origin which act on 
the induction motor core. An estimate of the structureborne 
noise source levels», in Transfer Function Analysis (TFA) forms is 
made based upon the description of the forces of electromagnetic 
origin. A TFA acoustic model, which is used for shipboard air- 
borne noise prediction, is adapted to describe the noise which 15 
radiated into the sea. With the estimated induction motor source 
level and the TFA model, the OTHEP radiated sound power level is 
compared with radiated sound power levels from an electric drive 
variant and a geared, turbine drive variant. 

The OTHEP submarine design is a feasible submarine design. 
The inverted geometry, squirrel-cage induction motor appears to 
be adaptable to the marine environment and can provide the 
required power to the propeller. Further, the QTHEP submarine 
design offers several naval architectural benefits. The esti- 
mated structureborne noise source level of the inverted geometry; 
induction motor is plausible given the simplifying assumptions 
that are made. The results of the radiated sound power level 
comparison indicate a lack of accurate structureborne noise 
source level information for electric machines with ratings in 
the tens of megaWatts. 

Thesis Supervisor: James L. Kirtley Jr. 
Title: Assaciate Professor of Electrical Engineering 
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1 Introduction 
1.1 Objectives 


The principal goal of this research is to develop a method 
to assess the relative merit of acoustic emissions from Outside 
the Hull Electric Propulsion, OTHEP. Two secondary goals sup- 
port this principal goal. First, this research will endeavor 
to provide a description of the forces of electromagnetic 
origin, within the propulsion motor that is a component of 
OTHEP, which excite vibrations in the propulsion motor core. 
Such a description of the forces of electromagnetic origin 
could be used in a sophisticated structural acoustic analysis 
of an OTHEP submarine. Second, an approximate comparison of 
OTHEP with other submarine propulsion systems will be attempted 


using an acoustic transfer function analysis. 


1 1 
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Figure 2 - 5108 View of OTHEP Motor 


OTHEP uses a large hub-to-diameter ratio propeller. This 
propeller is located on the after-body paraboloid of the subma- 
rine's hull, forward of the control surfaces. This is shown in 
Figure 1. The propeller hub is rigidly connected to the rotor 
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Of an inverted-geometry induction motor. The propulsion 
motor's stator is rigidly affixed to the pressure hull of the 
submarine. The propulsion motor's rotor is a squirrel-cage 
mo COG. 


1.2 Advantages of Outside the Hull Electric Propulsion 


The motivation behind this research arises from the advan- 
tages which OTHEP presents to submarine designers, submarine 
repair activities and submarine operators.  OTHEP offers 
Several benefits which could greatly improve the effectiveness 
of submarine designs as a whole. The advantages of OTHEP rela- 
tive to other submarine propulsion systems are shown below. 


Td 





Remark 


The shaft can excite low frequency hull 
modes. The shaft seal is a low impedance 
acoustic path to the sea as well as a 
maintenance concern. Reduction gears, a 
significant acoustic source, are elimi- 
nated. 


The traditional stack length of the pro- 
pulsion system can be reduced as well as 
providing more efficient arrangements. 
OTHEP also provides a large payload space 
aft, on the submarine's axis. 


The location along the hull of the large 
hub-to-diameter ratio propeller used in 
OTHEP may increase the propulsive coeffi- 
cient of the submarine, indicating 
improved efficiency. 


The large hub-to-diameter propeller offers 
the possibility of reduced propeller 
noise. (See section 1.4.) The location of 
the propeller is forward of the control 
surfaces, which means that incident flow 
at the propeller is more uniform, thus 
reducing components of blade passage 
noise. 


The aft end of the submarine is clear of 
the propeller and rotating shaft. This 
permits much easier and quicker deployment 
and retrieval of towed sensor arrays. 


Advantage 
No Rotating Shaft 


Arrangement Flexi- 
۳۱ ۱ ۷ 


Propulsive Effi- 
ciency 


Acoustic Advantages 


Simplified Towing 


OTHEP has disadvantages as well. Some of these are 


و1 


discussed below. 
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Disadvantage Remar k 


Sea-Water Flooded The propulsion motor is flooded in sea- 

Motor water which can be considered a hostile 
environment. The motor requires close 
clearances and relative movement between 
some components, making corrosion pre- 
vention difficult. 


External Motor The propulsion motor is outside of the 
pressure hull. Hence, inspection of the 
motor by the operators themselves during 


operation is not possible. 


Tight Clearances The motor requires close clearances, par- 
ticularly at the ‘air’-gap, and relative 
movement between some components, both of 
which tend to decrease the ability of the 


structure to withstand shock. 


1.3 Selection of Motor Type 


In the brief description of OTHEP in section 1.1, the type 
of motor that will be used for the OTHEP propulsion motor 1s 
given as an induction motor. Induction motors possess charac- 
teristics which make the induction motors the prime candidates 
when considering several important requirements for submarine 
propulsion motors. These requirements and the corresponding 
induction motor characteristics are discussed below. 


Electric motors will be grouped into three broad groups for 
the purposes of this discussion. The three groups are DC 
motors, synchronous motors, and induction motors. These are 
the only types of motors that will be considered. 


Essential to OTHEP is the fact that the propulsion motor is 
outside of the pressure hull. The implication of this require- 
ment is that the propulsion motor must be either free-flooded 
or protected by rotating seals. Given the size of QTHEP for a 
modern attack submarine, a rotating shaft seal that could keep 
all water out of the motor area would be extremely difficult to 
construct. An alternative would be to design a seal, which 
operates with a low pressure differential, to keep the motor 
flooded with fresh water or oil or some other benign liquid. 

In view of the requirement for the liquid to cool the propul- 
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sion motor and the necessity for circulating and filtering the 
flooding liquid, such a scheme would be very complex. Hence, 
the OTHEP motor must be free-flooded. 


A consequence of the requirement that the motor be free- 
flooded arises when considering possible electrical connections 
to the rotor. Such connections are usually implemented using 
slip rings and brushes. Use of slip rings and brushes would 
require that the slip rings and brushes be isolated from the 
sea-water. This would impose a requirement for rotating seals. 
Consequently, the propulsion motor must not require any elec- 
trical connections to the rotor. This requirement leaves two 
alternatives. The first is a permanent magnet synchronous 
motor. The second is an induction motor. 


It is vital that the OTHEP propulsion motor be a continu- 
ously variable speed motor. This requirement is readily ful- 
filled by DC motors, synchronous motors, and now, thanks to 
power electronics, induction motors. Speed control of 
induction motors is discussed in detail in section 3.3. 


These two requirements leave two alternatives for the pro- 
pulsion motor, a permanent magnet synchronous motor and an 
maduction motor. In view of past experience in construction of 
permanent magnet motors, the induction motor provides a better 
choice with regards to manufacturability. From the two alter- 
natives, the type of motor that is used is the induction motor. 


Several types of induction motor need to be considered 
prior to proceeding. Two basic types of induction motor are 
wound rotor and squirrel-cage motors. Once again», one type 
must be selected. In view of the hostile environment in which 
this motor will operate, the squirrel-cage motor appears to be 
the more rugged, more easily protected alternative. After con- 
Sidering the possibility of using pole-changing for acoustic 
deception, see section 3.3, the use of a wound rotor would 
preclude the possibility of pole-changing. Hence, in light of 
the two preceding considerations, the squirrel-cage motor is 
the motor that will be designed. 


Toy 





01 
A 
Qi 


Whereas submarines put a premium on space and weight, the 
electrical power that is used to supply the propulsion induc- 
tion motor should be capable of supplying other shipboard loads 
as well. Hence, three-phase, 60Hz, 4000V,._ı power is the input 


power to the propulsion motor system. 
1.4 Comparison of Propellers 


As discussed briefly in section 1.2, OTHEP possesses some 
potential acoustic advantages over conventional hub-to-diameter 
ratio propeller systems. This discussion will point out quali- 
tatively the acoustic advantages that should be realisable with 
OTHEP’s large hub-to-diameter ratio propeller. A quantitative 
discussion of propeller and propeller-excited acoustics is well 


beyond the scope of this research. 


Propellers cause acoustic emissions through several mecha- 
nisms. First, unsteady forces on the propeller blades can be 
radiated directly into the water or transmitted through 
structure into the hull. Second, non-uniformities in the inci- 
dent flow at the propeller can cause broadband blade passage 
noise. Third, the pressure field in the propeller wake can 
excite hull structure vibrations. Lastly, cavitation causes 


significant acoustic emissions. 


The OTHEP propeller is not connected to a rotating shaft 
which penetrates the pressure hull. Hence, this low-impedance 
acoustic path does not exist in the OTHEP design. Propeller 
vibrations due to unsteady forces must travel via other paths 
before being radiated. 


Since the recent past, propellers are the dominant noise 
source for deep, fast submarines [13]. One of the dominant 
propeller noise sources is turbulence at the inflow to the pro- 
peller. The OTHEP propeller is forward of the control sur- 
faces. In fact, the sail is the only significant turbulence 
stimulator forward of the propeller in the OTHEP design. 
Further, it may be that the pressure field produced by the 
OTHEP propeller will delay the inception of the turbulent 
boundary layer so that it occurs further aft than on current 
submarines. This would reduce the thickness of the turbulent 
boundary layer at the propeller's location. Hence, it is very 
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likely that the incident flow at the OTHEP propeller will be 
very uniform, which will greatly improve the acoustic charac- 


teristics at speed and depth. 


The increased diameter of the OTHEP propeller, its rela- 
tively slow rotation rate, the increased number of blades, and 
uniform incident flow all conspire to reduce the disc-loading 
of the propeller. This, in turn, greatly improves the cavita- 
tion performance of the OTHEP propeller relative to conven- 


tional propellers. 


Of the four sources of propeller noise, OTHEP's large hub- 
to-diameter ratio propeller offers significant improvements in 
the reduction of three of the noise sources relative to 
conventional propellers.  Regrettably, this research will not 
seek to quantify this assertion. Hence, determining the true 
acoustic merit of OTHEP as a whole cannot be accomplished with- 
out further research into the acoustics of propellers. 


1.9 Selection of Acoustic Model Type 


In order to construct a means to compare propulsion plants; 
an acoustic model is developed. This model offers a means to 
Compare the acoustic emissions of the propulsion plant, specif- 
ically the propulsion motor and its principal auxiliaries. 
Given different types of acoustic models, the selected model 


must be appropriate. 


Three methods are being used in acoustic modelling. These 
three methods of progressively increasing difficulty and preci- 
Sion are typically used during different stages in ship design. 
This is understandable because more complex models require 
progressively more detailed information about the particulars 
of a design. These particulars typically are not established 
until later stages in a design. As for its design maturity, 
OTHEP can be considered to be in a very early feasibility 


design stage. 


The first acoustic method is a transfer function analysis, 
TFA. This method is also known as "empirical analysis”. A low 
level of detail is required for this method. Hence, it is only 
approximate. TFA is usually performed in early feasibility 
design stages. TFA predictions are usually in agreement with 
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actual acoustic emissions. This is not Surprising because TFA 
1 5 empirical rather than theoretical. Where empirical support 
is scant, TFA should be viewed with a critical eye. 


A second acoustic modelling method is a statistical energy 
analysis, SEA. This method requires a moderate degree of 
detail in the description of the design. Hence, SEA is typi- 
cally used in post-feasibility design stages. (This stage is 
mid-way along the design timeline.) The moderate detail 
requirements makes SEA less expensive than finite element meth- 
ods. The results of SEA, though, are most accurate in the 
high-frequency range. 

The third acoustic modelling method is a finite element 
method, FEM. This method most closely approaches a complete 
characterisation of structural stiffness and damping. It 
requires that a high level of detail be included; therefore, it 
is typically used in the detail design stage. (This stage is 
very far along in the design timeline.) The level of detail 
necessarily makes this an expensive, time-consuming method. 
FEM requires discretising the entire hull structure. The dis- 
placements between the nodes of the discretised structure are 
found by interpolating between the two adjacent nodes' 
displacements. Such interpolation does not provide sufficient 
resolution to accurately describe high frequency characteris- 
tics. FEM is very accurate for low frequencies only. 


TFA uses results of measurements of existing systems to 
develop transfer functions for proposed systems. Consequently, 
to describe a new system, similarities with existing systems 
must be developed so that use of the empirical data will be 
justified. This research seeks to develop a TFA model of the 
Structural details of OTHEP. The TFA model should describe how 
the forces of electromagnetic origin are transformed to far- 
field pressure waves. Such a model would permit prediction of 
OTHEP acoustic emissions and assessment of its acoustic merit. 


1.6 How the Research Will Proceed 


This research proceeds in three steps. The first step is 
to carry out a feasibility design of an OTHEP submarine. The 
second step is to develop a TFA model that can be used to 
predict the radiated sound power levels of the OTHEP design. 
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The third step is to use the TFA model developed in step two to 
predict the radiated sound power level from the design of step 
one and compare that radiated sound power level with predicted 
radiated sound power levels of two alternate propulsion sys- 
tems. 


Chapter 28 describes the research into OTHEP through the 
present. Chapter 3 is the baseline submarine design which uses 
OTHEP. Chapter 3, taken in combination with Appendix A, can be 
considered as a complete, first iteration feasibility design. 
Chapter 4 deals with developing of the acoustic model. In the 
first portion of Chapter 4, the forces of electromagnetic ori- 
gin which act on the OTHEP propulsion motor's core are calcu- 
lated and an estimate of the structureborne noise source level 
of the propulsion motor is made. The second portion of Chapter 
4 modifies the TFA method presented by reference [7] so that it 
will predict radiated noise. Chapter 5 presents the results of 
the comparison of QOTHEP propulsion plant emissions with two 
alternate propulsion systems’ emissions. Appendix B presents 
the calculations which yield the results given in Chapter 5. 
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e Background 
2.1 Overview 


Early submarines were essentially submersible surface 
craft. Due to limited battery technology, these vessels could 
remain submerged for relatively short periods of time. Their 
maximum submerged speed was very low. These vessels operated 
on the surface much of the time. Consequently, their designers 
sought to optimise surfaced performance while retaining the 
ability to submerge. 


The requirement to operate efficiently on the surface had a 
major impact on the hull form of early submarines. For a rela- 
tively short vessel to reach high speeds on the surface» a 
"fine", or slender, hull form was necessary. Freeboard was 
required to provide a platform for deck guns. Additionally; 
for intact transverse stability on the surface, early subma- 
rines were configured with saddle tanks, which provided ade- 
quate waterplane area to ensure sufficient righting moments. 
Operating in head seas required a raised bow. Hence, early 
submarines” hulls had much in common with surface ship hulls. 


The propulsion systems of early submarines resembled sur- 
face ship propulsion systems as well. Propellers were located 
underneath the submarine. Since twin propeller shafts were 
used, the propellers were not located on the centerline of the 
submarine. This limited the possible diameter of the propel- 
lers. Early submarines’ propellers operated in the wake 
created by the hull, which is where surface ship propellers 
operated. The rudder and stern planes were located aft of the 


propellers. 


The principal difference between surface ship and early 
submarine propulsion systems was found in the machinery that 
was used to drive the propeller. At the time, surface ship 
propellers were typically driven by a shaft which was connected 
to reduction gears that were driven by steam turbines.  Subma- 
rines, on the other hand, had to operate submerged. This pre- 
cluded the use of an engine which required air for combustion. 
Hence, electric motors were used to turn the shaft which turned 
the propeller. The electric motors received electric power 
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from storage batteries that were charged by diesel-driven gen- 
erators while the submarine was operating on the surface, or 


near the surface in the case of snorkel submarines. 


Nuclear power provided the capability for submarines to 
operate submerged indefinitely. Hence, on the eve of the 
introduction of nuclear power to submarine propulsion systems, 
the U.S. Navy realised that it was necessary to design a subma- 
rine that was optimised for submerged performance. This design 
goal was realised in USS Albacore. 


USS Albacore’s hull form was a body of revolution. Its 
shape was designed to reduce hydrodynamic drag. The propel- 
ler(s) (At different periods in her service life, USS Albacore 
had either a single propeller or contra-rotating propellers.) 
were located on the longitudinal axis of the submarine. In her 
first configuration, USS Albacore’s control surfaces were 
located aft of her propeller(s). Later, USS Albacore tested 
locating the control surfaces forward of the propeller(s). 
Diesel engines were used to charge the storage batteries which 
provided power for the electric motors which turned the propel- 
ler(s). History has proven USS Albacore to be a truly revolu- 


tionary submarine. 


Several aspects of USS Albacore’s design are worthy of 
note. First, because the propeller was on the longitudinal 
axis of the submarine, the incident flow at the propeller 
improved the propeller’s performance relative to that of the 
early submarines and surface ships. Second, because the pro- 
peller was at the aft end of the boat, the propeller diameter 
was not constrained. Third, the control surfaces were quite 
effective without having to be in the propeller wash. Last, 
although the location of the propeller on the longitudinal axis 
improved propeller performance, the propeller still operated in 
a flow field that was disturbed by the sail and the control 


surfaces. 


A tribute to her designers, many of USS Albacore’s features 
are the standard for today’s submarines throughout the world. 
Propellers are located on the longitudinal axis of a body of 
revolution, aft of the control surfaces. This design is opti- 


mised for submerged performance. A fact of modern submarine 
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warfare, though, is acoustic quieting. Hence, a submarine 
design that is optimised for quiet submerged performance is now 


necessary. 


This research builds on three previous designs. All three 
are based on a submarine propulsion concept patented in 1963 by 
(then) LCDR F.R. Haselton, USN. The three designs are subse- 
quently described in some detail. Hamner describes the results 
of the Twin Propeller System (TPS) design and the Novel 
Electric Power Propulsion System (NEPPS) design research in 
greater detail, reference [1]. He goes on to offer a design of 
his own, which will be referred to as Qutside-the-Hull Electric 
Propulsion (QTHEP). References (il, [31 and [4] describe 
OTHEP, TPS and NEPPS in much greater detail. The intent of 
this chapter is not to review all of the results of the 
research that has been performed, but, rather, to glean results 


that are pertinent to the goals of this research. 


It is important to note that TPS, NEPPS and OTHEP were not 
initially considered for their acoustic characteristics. They 
possessed other advantages that motivated their being pursued. 
All three would provide much improved submarine arrangement 
flexibility. All three would eliminate the need for a rotating 
Shaft seal. TPS would eliminate the need for control surfaces. 


2.2 Twin Propeller System 
2.2.1 Configuration 


TPS used two large hub-to-diameter ratio propellers. ۴ 
was located forward, the other aft. The pitch of the propel- 
ler blades on both propellers could be controlled collectively 
and cyclically. Hydraulic systems were to provide for the 
pitch control. The two propellers rotated in opposite direc- 
tions. An electric motor provided the power to rotate the 
propeller. The combination of the location of two, fore and 
aft, contra-rotating, controllable pitch propellers allows for 
the generation of thrusts and torques in any direction, 


obviating the need for control surfaces. 
2.2.2 Associated Research Effort 


The research on the TPS concept took place between 1961 
and 1965, and was carried out under the guidance of the Office 
of Naval Research by Electric Boat Division of General Dyna- 
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mics, General Electric Company, Elliott Company, Honeywell, 
David Taylor Naval Ship Research and Development Center, 
Cornell Aeronautical Laboratory, and Netherlands Ship Model 
Basin, references [2], (31, (201, [21], [22], and [23]. 
Research included hydrodynamic tests using a 13.5 foot model. 
The research focused on the hydrodynamic efficiency of large 
hub-to-diameter ratio propellers and the issue of manoeuver- 
ability and controllability. 


2.2.3 Research Results 


Research into TPS yielded the following, pertinent 
results. 


* The maximum propulsive efficiency of large hub-to-diameter 
ratio propellers is roughly equivalent to that of small hub 
propellers, references [3], and [Ceo]. 

* The maximum propulsive efficiency of the fore and aft pro- 
peller combination is less than that of a single, large hub- 
to-diameter propeller which is located aft, references [3], 
ana CeO]. 

* The forward propeller and its fairing are turbulent flow 
promoters, references [3], and [20]. 

* Electric motor efficiency estimated for the TPS design is 
roughly only 0.78, reference [3]. 

* TPS is dynamically unstable while maintaining a straight 
course at constant depth, reference [23]. 

* Rudders would provide better turning moments at high speeds 
than the controllable pitch propellers, reference [23]. 


2.2.4 Conclusions 


The results of the research into TPS led to the following 
conclusions. 


* The hydraulic system necessary to provide the type of pitch 
control envisioned for TPS would be ponderous, probably 
requiring frequent maintenance. 

* The propulsion system would be heavy, bulky and difficult 
to build. 

* TPS would be less manoeuverable at high speed than a con- 


ventional submarine. 
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In light of these conclusions and the contemporary success 
of steam turbine driven reduction gears, whose propulsive 
efficiency was much greater than the electric motors of the 
time, TPS never passed beyond a feasibility design stage. 


2.3 Novel Electric Power Propulsion System 
2.3.1 Configuration 


NEPPS used two large hub-to-diameter ratio, contra- 
rotating, fixed pitch propellers which were located aft. The 
propellers’ inner diameters were integrated with two rotors of 
a pair of inverted geometry, free flooding AC motors. The 
propellers were shrouded. 


2.3.2 Associated Research Effort 


The Electric Boat Division of General Dynamics carried out 
the research into NEPPS at roughly the same time that the 
research into TPS was underway, reference [4], [24], and [Ces]. 
The results of the electrical and mechanical studies were not 
available because of their proprietary nature. However, the 
conclusions drawn from the hydrodynamic research were avail- 
able. A 10.7 foot model was the basis for the hydrodynamic 


research. 
2.3.3 Research Results 
Research into NEPPS yielded the following results. 


* Reverse thrust was 78% of forward thrust. 
* The propulsive coefficient was 0.90. 
* The cavitation performance of the propellers was excellent. 


2.3.4 Conclusions 


The following conclusions are based on the results of the 
research into NEPPS. 


* NEPPS would be more manoeuverable that a submarine with a 
conventional propulsion system. 

* The large hub-to-diameter ratio propeller was characterised 
as a better overall performer than the conventional small hub 
propeller. 

* The propulsive coefficient of NEPPS was just as good as the 
best conventional small hub propeller drives. 


* The motor design was not optimal. 
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The low efficiency and power density of the AC motor was 
probably the reason why NEPPS could not compete with the 
mechanical drives of the time. Although, the exact reason why 
it has never been implemented is not known. 


2.4 Outside the Hull Electric Propulsion 
2.4.1 Configuration 


OTHEP uses a single, fixed pitch, large hub-to-diameter 
ratio propeller located forward of the control surfaces. The 
rotor of an inverted geometry induction motor is integrated 
with the inner diameter of the propeller hub. The induction 
motor which turns the propeller is free-flooding. 


2.4.2 Associated Research Effort 


Hamner’s research, conducted from 1982 to 1983 at MIT, 
focuses on three issues concerning OTHEP, reference [1]. 
First, he develops an analytical heat flow model of the induc- 
tion motor. Second, he performs a first order propeller 
design. Last, Hamner estimates the component weights of OTHEP 
so that 1t may be compared with existing propulsion systems. 


2.4.3 Research Results 


Hamner ’s research yields the following results. 


* The analytical heat flow model of the induction motor indi- 
cates that heat can be adequately removed by conduction to the 
sea water which free floods the motor. 

* The efficiency of the propeller can be expected to be 
Greater than 0.75. This minimum efficiency is slightly less 
than or equal to the propeller efficiencies of small hub pro- 
pellers. 

* Cavitation characteristics of the propeller can be very 
good. 

* Some weight reduction is possible relative to typical 
nuclear power propulsion systems. 

* Motor efficiency at rated speed is O.939. 


Q.G.G Conclusions 


The following conclusions are based on the results of Ham- 
ner's research. 
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* Heat removal by convection, due to sea water flooding; 
would improve heat removal characteristics and motor perform- 
ance. 

* The propulsive efficiency of the entire propulsion system 
cannot be determined until it is possible to calculate the 
thrust deduction factor that accounts for the propeller being 
both forward of the control surfaces and further forward than 
conventional hub-to-diameter ratio propellers. 

* Cavitation characteristics and propeller performance depend 
heavily on propeller design. An optimal propeller design must 
be developed, which is not a trivial matter. 

* The induction motor design appears to be very feasible. 


2.5 Discussion 


The conclusions from TPS, NEPPS and OTHEP research indicate 
that large hub-to-diameter propellers are comparable in effi- 
ciency to small hub propellers. The effect of having the pro- 
peller forward of the control surfaces has not yet been 
quantified. Overall propulsive efficiency should, though, be 
roughly equal to or greater than existing propulsion systems. 
Cavitation performance can be improved relative to small hub 
propellers. Use of twin, controllable pitch propellers to gen- 


erate manoeuvering forces does not appear to be feasible. 


Since 1961, the development of motor designs has provided a 
motor whose efficiency can compete with the efficiency of 
mechanical drives. Given the shift in the relative importance 
of acoustic quieting since 1961, a slight decrease in effi- 
Ciency may be a justifiable compromise if improved acoustic 
performance is obtained. TPS, NEPPS and OTHEP indicate that a 
propulsion system with a large hub-to-diameter ratio propeller 
will have roughly equivalent or slightly improved performance 
characteristics as existing propulsion systems. The potential 
for increasing arrangement flexibility, removing a rotating 
seal, and improving acoustic emissions provides the impetus for 


pursuing this research even further. 
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3 Baseline Design 
3.1 Submarine Design 


Submarine designs seek to fulfill requirements which are 
established by the prospective operators of the submarines. 
The goal of this research is to find a means to evaluate the 
performance of an induction motor drive located outside the 
pressure hull of a submarine. To this end, a Submarine design 
which incorporates the induction motor drive will be developed. 


It is necessary to establish a baseline submarine design 
for several reasons. First, a baseline submarine design deter- 
mines the fundamental feasibility of a new propulsion system 
concept. Second, to examine the acoustic characteristics of 
any propulsion system requires knowing many details of the can- 
didate design. Third, a baseline submarine design is useful in 


comparing a proposed system with an existing system. 
3.1.1 Baseline Submarine Requirements 


To determine feasibility and to provide a justification 
for comparison, the only novel feature of the baseline subma- 
rine should be the propulsion drive. Thus, the baseline sub- 
marine must closely resemble existing submarines. Design 
details should follow from current design practices. The 
table shown below provides specific design requirements based 
on the characteristics of existing U.S. Navy submarines, as 
described in Jane's, reference [2651]. 


Table 1 —- Baseline Submarine Required Design Characteristics 
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To ensure structural comparability with U.S. Navy subma- 
rines, HY-80, a high strength steel with a yield stress of 
801 51 و‎ will be the structural material used in design 
calculations. Internal arrangement and the size of the sail 


and appendages should also be similar to current submarines'. 
3.1.2 Baseline Submarine Design Philosophy 


The baseline submarine design incorporates the following 
list of design priorities. 


1 ( The baseline submarine must be similar to current subma- 
rines. 
e) The baseline submarine must have characteristics similar 


to the submarine developed by Hamner, reference [11], so that 
essential elements of his analysis can be applied directly to 
the baseline submarine design. 


a) Despite the fact that it is not an optimal design, the 
propeller for the baseline submarine will be the propeller 
analysed by Hamner. Insofar as the acoustic performance of 
the large hub-to-diameter ratio propeller is concerned, it is 
easy to make a noisy propeller regardless of the configura- 
tion. The QOTHEP propeller has some inherent acoustic advan- 
tages. However, a detailed acoustic assessment of the 
propeller itself would require a detailed propeller design; 
which is not within the scope of this research. 


Standard design practices and factors of safety will be‏ (ې 
used in the baseline submarine.‏ 


Before consideration of the propulsion system, the base- 
line submarine design will provide important parameters for 
the propulsion system design. The baseline submarine design; 
specifically the hull shape and appendage size and shape, will 
dictate the required rating of the propulsion motor. The 
baseline submarine design also provides the structure to which 
the motor must be connected and to which the thrust and reac- 
tion torque are applied. In this instance, the motor cooling 
water system is also dictated to a degree by the baseline hull 
form. 


The baseline submarine design proceeds in the following 
steps. 


A) A hull size and shape is selected. 
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B) With the displacement arising from A), a typical weight 
breakdown is developed for the baseline submarine. This 
breakdown specifies the pressure hull size and the main bal- 
last tank (MBT) size. 


With the pressure hull size from B), a first iteration‏ رت 
pressure hull structure is designed. The diameter of the‏ 
motor in Hamner's design is used to place the motor on the‏ 
tapered end of the baseline submarine.‏ 


D) With location constraints arising from the pressure hull 

design, C), tentative MBT size and location, and control sur- 

face mechanism arrangement yields a check of the baseline sub- 
marine design's feasibility. 


E) Sail and control surface sizes are selected. 
E) ^ propulsive coefficient is developed. 
G) Using A), E) and F), a power versus speed relationship 


for the baseline submarine is calculated. 
H) Design a propulsion motor based on the results of 6). 


I) Design the components necessary to support the motor 
design of H). 


J) Integrate the impacts of the motor design from H) and I) 
into the entire submarine design. 


K) Re-estimate weights and balance the submarine design. 
3.1.3 Hull Shape 


To directly apply Hamner's propeller design to the base- 


line submarine requires that the diameter of the baseline sub- 
marine be equal to 32 feet. A typical length to diameter 
ratio, L/D, for modern submarines is roughly 9. L represents 
the length of the submarine and D, its diameter. This will 
make the length of the baseline submarine 2888 feet, somewhat 
longer than Hamner’s submarine. 


Submarine hulls are typically bodies of revolution. An 
optimal hydrodynamic hull will have a length-to-diameter ratio 
approximately equal to ó, reference [271]. The length of the 
forward body ellipsoid is usually 2.4 times the diameter of 
the hull. The length of the aft body paraboloid is usually 
3.6 times the diameter of the hull. When a longer hull is 
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necessary, a cylindrical midsection (parallel mid-body) is 
added between the forward section ellipsoid and the aft sec- 
tion paraboloid. 


The equations of the radius of the body of revolution for 
the different hull sections are shown below, reference [27]. 
The exponents determine the fullness of the hull form. For 
hydrodynamic reasons, let n»=2.25 and n„=2.75. Mer and Ma are 
the exponents of the polynomial expressions which define the 
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The significance of each of the terms in these two expres- 


body of revolution. 


sions is shown in the figure below. 
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Figure 1 - Body of Revolution Variables 


With the stated length, diameter and exponents, the off- 
sets for the hull are given in Table 1 in Appendix A. The 
offsets were generated by a computer program named SHAPE 1.6, 
reference [28]. 


3.1.4 Weight Breakdown 

The hull shape that the offsets which were developed above 
describe displaces a specific amount of seawater. in “vine con— 
text of this discussion, displacement refers to the weight of 
the sea-water displaced by the cited volume. The displacement 
of this entire shape is known as the envelope displacement. A 
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certain amount of the volume within the hull envelope is free 
flooded space. The free flooded space is in open communica- 
tion with the sea. In a feasibility study such as this, the 
amount of free flood water is usually assumed to be a certain 
percentage of the envelope displacement. This research will 
assume a free flood displacement equal to seven percent of the 
envelope displacement. Subtracting the free flood displace- 
ment from the envelope displacement yields the submerged dis- 
placement. 


The submerged displacement is comprised of two components. 
The first is the main ballast tank displacement (MBT). The 
second is the group of weights which make up what is known as 
the "normal surface condition” displacement (NSC). Typically, 
MBT is required to be a specified percentage of NSC, ten to 
fifteen percent in modern nuclear attack submarines, reference 
C27]. MBT allows the submarine to submerge and subsequently 
Surface. This research will require MBT to be twelve and 


one-half percent of NSC. 


Once MBT is subtracted from the submerged displacement, 
NSC remains. NSC is comprised of items which exist both out- 
side of the pressure hull and inside of the pressure hull. 

The items which exist outside of the pressure hull and are not 
MBT or free flood water are a small percentage of NSC weight, 
typically about seven percent, reference [e7]. Hence, the 
pressure hull should displace or weigh ninety-three percent of 
NSC. Knowing the pressure hull displacement will allow the 


pressure hull geometry to be designed. 


The NSC items inside the pressure hull are broken into two 
components, variable load weight and condition A-1 weight. 
Variable load weight is made up of those items which are con- 
sumed or used in the course of submarine operations. Hence, 
their weight will vary over time. Condition 6-1 weight is a 
fixed weight. 

Condition A-1 weight has two components itself, lead bal- 
last (LEAD) and condition A weight. LEAD is used to provide 
Stability and margin. Condition A weight 1s made up of all of 
the structures, equipment and furnishings that will be the 


Submarine. 
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LEAD is broken down into stability lead and margin lead. 
Stability lead is placed low in the submarine, at a position 
fore and aft, in a location port or starboard, which ensures 
that the submarine's centers of gravity and buoyancy lie in a 
vertical line and provide a restoring moment when the submari- 
ne’s trim and/or heel is perturbed. Margin lead is placed on 
the axis of the body of revolution at the longitudinal center 
of gravity of the submerged displacement. Margin lead is 
meant to provide a buffer against the uncertainties associated 
with calculated and estimated weights and to provide for 
future growth. 


Condition A weight can be broken down in any way which 
Suits the submarine designer. This baseline submarine design 
will break down condition A weights according to the Ship’s 
Work Breakdown System (SWBS), which is the system that the 
U.S. Navy uses. Use of this system permits comparison of this 
baseline submarine design's weights with the weights of exis- 
ting submarine designs. SWBS groups all shipboard equipment 
into seven groups which are distinguished by their functions. 


The table below presents the foregoing discussion of the 
weight breakdown of the baseline submarine design in a tabular 
format. The table also contains a description of the func- 
tions of the seven SUBS categories. The specific weights for 
SWBS groups 1 through 7 are determined using SUBLAB, reference 
(291, a computer program which bases its weight estimation on 
past U.S. Navy submarine designs. As the baseline submarine 
design proceeds, more accurate and appropriate weight esti- 
mates are developed. Of note, Submarine design is an itera- 
tive process. The baseline submarine design developed for 
this research will be a single iteration design. 
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Table i —- Baseline Submarine Initial Weight Estimates 
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Note, throughout this paper, unless specifically stated 
otherwise, tons will mean long-tons. 


3.1.5 Pressure Hull Design 


The table in the preceding section provides a departure 
point from which the design of the pressure hull will proceed. 
The structural details of the pressure hull are important for 
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two reasons. First, the pressure hull is a major portion of 
SWBS weight group 1. Knowing the pressure hull design will 
provide a much better estimate of SWBS weight group 1 than the 
one in the table in the preceding section. Second, acoustic 
transmission through the pressure hull is heavily dependent 
upon its structure. 


The procedure used to design the pressure hull structure; 
a combined design worksheet, is based upon the structural 
design worksheet presented in Chapter 7 of reference [27]. 
That structural design worksheet treats the design of shell 
thickness, standard frame scantlings and deep frame scant- 
lings. The design process used in the combined design work- 
sheet for structural bulkheads, transitions, and end closures 
is taken from the notes presented in sections of Chapter 7, 
but are not addressed in the structural design worksheet. 
Table 2 in Appendix A contains a spreadsheet representation of 
the combined design worksheet calculations. 


The approach taken in the combined design worksheet uses 
the operating depth, hull diameter and hull material charac- 
teristics as input data. The user provides tentative struc- 
tural dimensions; subsequently, the user evaluates the 
Suitability of those tentative dimensions based on the 
spreadsheet calculations. Acceptable solutions provide a 
pressure hull of sufficient strength. The desired solution is 
the lightest structure. 


The combined design worksheet treats the pressure hull as 
aring stiffened cylinder. This is a good approximation in 
light of the fore and after body shapes and the amount of 
parallel midbody. Further, the pressure hull occupies the 
center portion of the submarine, far from the ends where the 


diameter rapidly changes. 


The combined design worksheet begins By calculating a 
shell thickness based upon the static pressure at operating 
depth. A factor of safety is applied. The shell thickness is 
meant to resist general yield due to hydrostatic-pressure-in- 
duced hoop stress in the shell. The standard frames are meant 
to resist shell buckling. The deep frames are meant to resist 


General instability of the cylinder as a whole. 
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The shell thickness calculations are straightforward and 
simple. The standard frame and deep frame buckling and insta- 
bility calculations are not as simple. The standard frames 
and deep frames (or King frames) are likened to Euler columns. 
A bending stress analysis is used to compute stresses in both 
types of frame; additionally, mode-number calculations are 
made based upon any eccentricity-induced transverse displace- 
ment. The first through fourth modes are considered. The 
design is dictated by the mode with the smallest critical 
pressure. 


Once the shell thickness and frame scantlings have been 
developed, the combined design worksheet presents bulkhead 
design. The bulkhead dimensions are intended to withstand the 
hydrostatic pressure at a specified depth, in this case the 
operating depth. The bulkhead and shear girder dimensions are 
based upon a simple flexure analysis of a bending beam under a 
distributed loading. 


The final pressure hull element to be analysed is the end 
closures. In this submarine design, hemispheres are used. 
The principal design choice is the shell thickness of the 
hemisphere. Given the geometry, this is simple to compute. 


Once the structural dimensions have been calculated, the 
remaining task is to determine the position of the pressure 
hull within the envelope. The correct pressure hull displace- 
ment must also be ensured. P HULL , reference [30], is used 
to calculate the volume of the pressure hull as well as its 
longitudinal center of buoyancy (LCB) and the longitudinal 
center of gravity of the structure (LCG). 


Using the requirements in section 3.1.1, the combined 
design worksheet, and P HULL;, a tentative pressure hull design 
is developed. See Table 3 in Appendix A. A drawing of the 
pressure hull design, which locates it within the hull enve- 
lope and shows pressure hull plating, frames, bulkheads, and 
end closures, is shown in Figure 1, Appendix A. This is the 
structure which will be used in the calculations involving 


acoustic transmission paths. 
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The weight of the pressure hull and envelope plating, 
which is not part of the pressure hull, designed using the 
above methods and shown in Appendix à, is approximately 
1135tons. The pressure hull and hull envelope plating typi- 
cally constitute approximately 67% of SWBS group 1. This 
yields a relatively accurate estimate for Wi, Wi = 1687tons. 


3.1.6 MBT/Control Surface Feasibility 


Several important components of the submarine are located 
outside of the pressure hull. Their precise location within 
the hull envelope and outside of the pressure hull will dic- 
tate the feasibility of the pressure hull location within the 
hull envelope and the feasibility of the submarine design as a 
whole. 


The MBT's provide the ability of the submarine to submerge 
and surface. Flooding these tanks removes buoyancy causing 
submergence. Blowing the water out of these tanks using com- 
pressed air restores buoyancy, allowing the submarine to sur- 
face. AS discussed in the second paragraph of section 3.1.4, 
the MBT’s should displace a certain percentage of the NSC 
displacement. From Table 1 of section 3.1.4, this is taken to 
be Se8tons. Hence, the MBT's must have a corresponding volume 
of 18,470 cubic feet. This volume must be found outside of 
the pressure hull and within the hull envelope. 


Perhaps just aS important as the displacement of the MBT’s 
is the longitudinal location of the MBT’s. To ensure that the 
Submarine operates with an even trim both surfaced and sub- 
merged, the combined longitudinal centers of gravity (LCG's) 
of the MBT and NSC must be located at the same longitudinal 
position as the Am, longitudinal center of Buoyancy (LCB). 
SUBLAB provides values for these LCG’s and LCB’s that are typ- 
ical for modern nuclear submarines. These values will be used 
for initial MBT sizing and location. The initial location of 
the MBT LCG will be 131 feet aft of the forward perpendicular 
(FP, the forward end of the submarine) according to SUBLAB 
calculations. 
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Two MBT’s are found in modern submarines, one forward and 
one aft. The forward MBT in this case surrounds the sonar 
dome access tunnel and the aft MBT the aft pressure hull cyl- 
inder. The aft MBT can have a volume of 9449 cubic feet. The 
forward MBT must then have a volume of 9018 cubic feet. These 
sizes and locations provide the necessary MBT displacement and 
location. See Table 4 in Appendix A. Hence, the MBT arrange- 


ment is feasible. 


The control surfaces of the submarine design, the rudder 
and the stern planes, are located outside the hull envelope. 
However, these control surfaces must be capable of being 
deflected to produce the desired control forces. Due to the 
large forces that must be generated by the actuating mechanism 
of the control surfaces, hydraulic systems are usually used. 
Further, the connection between the hydraulic actuator and the 
shaft which is connected to the control surface is located 
outside of the pressure hull and within the hull envelope. 


The location of the control surface actuating mechanism 
must be aft of the propulsion motor and outside of the pres- 
sure hull. It is usually placed in what in known as the "mud 
tank". The mud tank is a free flooding space at the 
after-most end of the hull envelope. This space must be on 
the order of 11 feet long to enclose the control surface 


actuators. 


Examining the drawing of the pressure hull and hull enve- 
lope in Figure 1 of Appendix A. It is readily apparent that 
there is plenty of space in the mud tank for the control 
surface actuators. It is also true that the actuators for 
this submarine design will not be as bulky as those for con- 
ventional submarine designs. Conventional submarine designs 
have a rotating shaft that runs through the center of the mud 
tank. To permit both stern planes to be moved by one actuator 
requires a very large, forged yoke. The same is true of the 
rudder. Whereas this submarine design has no shaft, such 
large, cumbersome yokes will not be necessary. This will save 
weight and space. The space saved could be dedicated to such 


equipments as towed sonar arrays or other towed devices. 
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The arrangement of the pressure hull within in the hull 
envelope allows feasible MBT sizes and locations and ample mud 
tank space. Further, there is some flexibility remaining in 
the design should the centers of gravity shift somewhat. 


3.1.7 Appendage Sizing 


The size, shape and location of the external appendages to 
the hull envelope have a large impact on the submarine 
design's performance. The size and shape of the appendages 
Greatly affect the resistance of the submarine, which impacts 
the rating of the propulsion plant. The location of the con- 
trol surfaces affects the hydrodynamic characteristics of the 
hull and the ability to generate moments to control the path 
of the submarine. 


A complete analysis of the equations of motion of the sub- 
marine and an optimisation of the control surface design is 
far beyond the scope of this research. Hence, the control 
surface design for this submarine will be based on a previous 
Successful design scaled by the ratio of the hull volumes to 
the two-thirds power. This procedure is recommended reference 
] 07 1 for feasibility studies. 


Using the hull envelope's volume to the two-thirds power 
is effectively using an area to scale the appendage size. 
Both the lift and drag forces associated with the hull are 
Calculated using coefficients of lift and drag, C, and Cp. In 
such a formulation, the lift or drag force is non- 
dimensionalised using fluid density,;,pg, velocity squared, 
Vaun s and a surface area. The force of interest here is the 
lift force, F,, generated by the control surface. This force 
is directly proportional to the area of the control surface, 
لكر‎ 


1 
81 د اون 


Using hull volume, V, to the two-thirds power assumes the 


Following relationship. 


WV 42 


40 








Taking the planar area of the control surfaces of a subma- 
rine which had a satisfactory control surface design and scal- 
ing that design provides a starting point for a detailed 
control surface design. It also provides a reasonable 
estimate of what the resistance characteristics of the final 
control surface design will be. The same approach is used for 
the design of the sail. Standard coefficients of drag are 
used for the control surfaces and sail. 


Table 1 - Appendage Drag Parameters 
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The preceding table shows a summary of the appendage sizes 
and drag coefficients. These will be used in the development 
of a power versus speed relationship. 


3.1.8 Development of a Power versus Speed Relationship 


Once the baseline submarine is sized and appendage sizes 
are known, a power versus speed relationship can be calcu- 
lated. The development of this relationship, that is, the 
shaft horsepower required to propel the submarine at any given 
speed, is a very important factor in the design of the propul- 
Sion plant. Submarines operate in two distinct fashions, 
fully submerged or on the surface. The submarine’s power 
versus speed relationship is different in each of these situa- 
tions. Whereas modern nuclear submarines rarely operate on 
the surface, the most important operating condition 15 


submerged. 


Development of a power versus speed relationship is a rel- 
atively common procedure for ship and submarine designs. 
Hence, a detailed discussion is not warranted. However, two 
items peculiar to the propulsion system of the baseline subma- 


rine do warrant discussion. These items concern open-water 
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propeller efficiency and thrust deduction factor. These two 
Quantities have a significant impact on the propulsive coeffi- 
cient (PC), which is a fundamental indicator of the combined 
efficiency of the hull and the propulsion system. To 
understand the effect of these two peculiarities, some discus- 
sion of the power versus speed calculation is necessary. 


The calculation of the submerged resistance of the subma- 
rine is based on the well known coefficient of drag. 


1 
Fr= 6 او اړو‎ Co #1 


Knowing the resistive force, Fr, at a given speed allows 
calculation of the power needed to overcome this force at that 
Given speed. 


EHP =F eV و‎ «Co 0۱ 


The power needed to overcome the resistance of the subma- 
rine's hull and appendages for a given speed, Vaum» 15 known 
as the effective horsepower (EHP). Hence, to calculate the 
EHP for a given میم‎ > the density of sea-water, fy» the 
wetted surface area, Waa, and the coefficient of drag, Cp» 
must be known. The density of sea-water is known. The wetted 
Surface area of the hull envelope and all of the appendages 
must be calculated. The coefficient of drag for the hull 
envelope and all of the appendages must be determined. 


The wetted surface area of the hull envelope is a simple 
integration of the equations for the hull radius, equations 
3.1. 3.1 and 3.1.3.2. This calculation is performed by SHAPE 
1.6, reference [28]. The results are shown in Table 5 of 
Appendix A. The wetted surface areas of all of the appendages 
is known from Table 1 in section 3.1.7. Therefore, all of the 
wetted surface areas are known. 


The coefficients of drag for each of the appendages is 
known and is shown in Table 1 in section 3.1.7. The append- 
ages are NACA, reference [311], sections, whose coefficients of 
drag are well documented. Hence, only the coefficient af drag 
of the hull envelope must be calculated. This is not as 
straightforward as the case of the appendages. 
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Determination of the coefficient of drag for the hull 
envelope builds on the method of Froude, reference [32]. The 
resistance due to the pressure distribution about the hull and 
the resistance due to skin friction are each assumed to be 
independent of the other and are calculated separately. C- 
represents the resistance due to the pressure distribution 
about the hull. This is called residual resistance or form 
drag. Cr represents the frictional resistance. 


The residual resistance is typically found by model tests. 
To bring experimental and actual values into agreement a cor- 
relation factor is applied to the residual resistance from the 
model test, Crm. For the baseline submarine design, the 
standard correlation allowance is used, AC,;=0.0004. The hull 
envelope that has been selected is fairly conventional. In 
light of this, it is possible to use previous model test 
results to determine Cu. 


Reference [28071] contains a compilation of residual 
resistance data in Chapter 6. Based upon this information; 
reference [27])’s figure 6-10, and the hull shape chosen for 
the baseline submarine design, Crem = 0.000134. Now that Crm 
and AC, are known, C. for the hull envelope can be calculated. 


C=C a * AC, = 0.000534 83 


The International Towing Tank Conference (ITTC) offers the 
preferred method for computing the second component of the 
hull envelope's coefficient of drag, reference (3e]. The 
frictional resistance is a function of Reynolds' number. 
Hence, the frictional resistance coefficient will vary with 
speed. The equation below describes the values used for Ce. 


0.075 


-YU H4 
* flog Re- 2]? 


Reynolds’ number is described as the ratio of viscous to 
inertial forces. The usual expression for Reynolds’ number of 
a submarine 1s shown below. vis the kinematic viscosity of 
the fluid in which the submarine is moving. 


V su 
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The overall drag coefficient of the hull envelope is sim- 
ply the sum of the frictional drag coefficient and the resid- 
ual drag coefficient. 


ECO. 86 


To find the power required to overcome the resistance of 
the entire hull, the coefficient of drag of each component 
must be multiplied by the wetted surface area of each compo- 
nent. These products are then summed and multiplied by the 
sea-water density and the cube of the speed. This summing and 
multiplication must be carried out for each speed. The result 
of these calculations is an effective horsepower corresponding 


to a specific speed. 


While it is important to know the power required to over- 
come the resistance of the hull and appendages, it is more 
important to know how much power the propulsion machinery must 
supply to the propeller. This power which is supplied to the 
propeller is called shaft horsepower (SHP). EHP and SHP are 
related by a term known as the propulsive coefficient (PC). 

ERP 


SHP = — H7 


The propulsive coefficient is, therefore, a very important 
term which contains a lot of complicated information. Its 
components are the efficiency of the mechanical transmission 
and shafting, mn,, the open-water efficiency of the propeller; 
n,» the effect of the hull shape as it causes swirling flow 
into the plane of the propeller, N,» and the effect that the 
wake and the hull’s boundary layer has on the incident veloc- 
ity field at the propeller, Mp. For the propulsion system 
being researched here, there is no mechanical 
transmission.--Hence, its efficiency will be taken to be one. 
Each of the other components of the PC will be discussed 
briefly. 


۴0 ۶۲۷۰۱۵۰۱۰ lan 88 
The propeller efficiency, mo» essentially describes how 
well the propeller converts torque to thrust. This is highly 


dependent on the propeller geometry. It is usually determined 
Dy model tests in a propeller tunnel. Whereas the propeller 
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geometry suggested by TPS and Hamner is somewhat novel, very 
little propeller tunnel data exists for large hub-to-diameter 
ratio propellers. (See the discussion of research in Chapter 
gp. In his research, Hamner does an analysis of a non-optimal 
propeller and reaches the conclusion that, at worst, large 
hub-to-diameter ratio propellers can be just as, or slightly 
less, efficient as small hub-tc-diameter ratio propellers. 


His estimation takes the following form. 


“oT 820,75 H9 

Values of the relative rotative efficiency, na» range from 
1.0 to 1.1 for modern submarines, reference [271]. The rela- 
tive rotative efficiency is a strong function of the incident 
flow at the propellers. Whereas the control surfaces will be 
located aft of the propeller on the baseline submarine design 
and the sail is relatively small, then the incident flow at 
the propeller will be much less affected than on other modern 
submarines. Hence, an appropriate value for Mas would be 
closer to 1.0. This value of n, will be used in subsequent 


ealeulations. 


The hull efficiency, Ny consists of the ratio of two fac- 


tors. 
سس یل‎ #10 


The first term, 1 - و6‎ is the thrust-deduction factor. 
This is a measure of the velocity field at the propeller. Of 
all of the characterizations of this propulsion system, the 
thrust-deduction coefficient, t, is the most uncertain. This 
coefficient is best determined experimentally. Given the 
dearth of test data on modern hull shapes with control sur- 
faces aft of the propeller, little confidence should be placed 
in the standard means of determining t. Although, 
intuitively, drastic differences do not seem likely.  Nonethe- 
less, the following empirical relationship, taken from Chapter 
6 of reference [27], will be used to develop an estimate of 


the thrust-deduction factor. میم‎ is the propeller diameter. 
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811 اع یر رمک سا 
SA‏ 
depends upon the wake fraction, w.‏ وم - The second term, i‏ 
In light of equation 9, assuming that it's correct, there is‏ 
no need to explicitly determine w.--This is usually experimen-‏ 
tally determined just as t is determined.‏ 


Based on the foregoing discussion, the propulsive coeffi- 
cient can be expressed as follows. 


No’ Nar 
تل‎ #12 
In light of the 30’10" diameter propeller used both by 

Hamner and this baseline submarine design and the wetted sur- 
face area calculated by SHAPE 1.6 for the selected hull enve- 
lope, a conservative PC would be 0.83. This allows 
computation of a SHP versus speed relationship. For the 
required speed of 32 knots submerged, this relationship will 
yield the required motor rating. With the data in Table 1 in 
section 3.1.7, the coefficient of drag developed in this sec- 
tion, and equations 2 and 7, a spreadsheet is used to develop 
the graph shown below. See Table 6 of Appendix A. 
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Power versus Speed 
Submerged 





Power (HP) 
(Thousands) 


Speed (Knots) 
O EHP + SHP © BHP 


Figure 1 - Power versus Speed Relationship 


The curve representing BHP is the required brake horse- 
power. This is the power which the electrical distribution 
system must supply to the propulsion motor. Hence, BHP is the 
real electrical powers, Pins drawn by the propulsion motor. 

The propulsion motor’s efficiency is represented by fy. 


SHF 
Nu 


#13 





Pi, = BHP = 


The power versus speed curve indicates that 17,120HP 
(12.8MW) is necessary to propel the submarine through the 
water at 32 knots. The propulsion motor must provide 20,620HP 
(15.4MW) to the propeller to accomplish this. In determining 
the rating of the propulsion motor, it is practice to apply a 
margin to the power output af the motor to provide for the 
uncertainty which exists in the design. A factor of 1.2 is 
used, reference [331]. 
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Therefore, the propulsion motor will be required to have a 
rating of و29‎ 780482 (19.2 MU). 


3.2 Propulsion Motor Design 


Within Chapter 1, the advantages of using an induction 
motor for the propulsion motor are discussed. Hence, this pro- 
pulsion motor design will concentrate on the details of the 
motor design rather than including a discussion of motor type 
selection. First, though, the explicit and implicit design 


requirements will be collected. 
3.2.1 Impacts on the Motor Design 


Section 3.1 concludes by giving a required SHP which the 
propulsion motor must provide. Hence, this will be taken as 
the motor rating, 19.2MW. A second set of motor requirements 
arises from the explicit requirement that the propeller from 
Hamner’s analysis be used. Use of that propeller specifies 
where along the hull the motor will be located. It also spec- 
ifies the speed of the motor. To a degree, an upper limit on 
the radius of the motor is established. 


Several implicit requirements arise from the need to 
locate the motor outside of the pressure hull and within the 
hull envelope. The shape of the hull provides a limit on how 
far aft the aft end of the motor can be located. Placement of 
the aft MBT imposes restrictions on the size and forward loca- 
tion of the motor. The table below summarizes these require- 


ments. 
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Table 1 - Motor Design Requirements 
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The rating requirement is taken from the power versus 


speed relationships developed in section 3.1.8. The speed 
requirement refers to the rotor’s mechanical speed. This 
speed is dependent upon the propeller design.--Propellers are 


designed typically for optimal performance at a specific 
speed. Whereas Hamner’s propeller is assumed for this design, 
the same speed will be used. 


The radius and core length requirements are based upon 
being able to use the same propeller and fitting the motor 
Within the hull envelope. To assume that heat flow will be 
satisfactory, the size of the motor should be close to that of 
Hamner’s design. The motor cooling and lubrication require- 
ments reflect an assumption in Hamner’s heat flow analysis. 
In that analysis, Hamner assumes that the water surrounding 
the motor is flowing at a speed of iknot (1.688 ft/s). To 
prevent clogging and consequent hot spots, the sea-water will 
have to be strained to prevent large marine life from getting 
caught within the motor and obstructing sea-water flow. 


3.2.2 Motor Design Calculations 


Hamner’s motor’s rating is 17.8MW (23,900HP). The base- 
line submarine’s motor design must provide 8% greater power 
than Hamner’s motor design. Hamner’s motor design will be 
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used as a base which will be modified to provide the increased 
power rating. Therefore, the goal is to develop a motor 
design which is as similar as possible to Hamner's design. 


The assumption here 1s that Hamner’s heat flow analysis 
results will be generalisable to a derivative machine of very 
Similar dimensions. Furthermore, the same materials will be 
proposed for the baseline propulsion motor. Additionally, the 
fact of a common propeller requires that the baseline motor 
Operate at the same speed as Hamner's motor. Consequently, 
the stator electrical frequency, number of phases, number of 
poles and rated slip will be the same as Hamner's. 


Expressions for the rated torque, Temrea,s and rated power, 
P-acea» for a multi-phase (3) induction motor are shown below. 
In order to use these expressions, it is necessary to be able 
to describe the motor in terms of equivalent circuit parame- 
ters, reference [34]. Development of equivalent circuit 
parameters is somewhat complicated and is certainly 
approximate. The computer program which Hamner uses develops 
equivalent circuit parameters from machine geometry and con- 
struction materials. This research will calculate circuit 
parameters from the basic machine flux relationships. The 
circuit parameters describe the stator, R, and X,, the air- 
gap» Xp» and the rotor, Rs and Xe. 
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Qf the terms in equations 1 and 2, the required speed, 
from the Table 1 in section 3.2.1, dictates both the synchro- 
nous frequency, Meya, and rated slip, S-atma: The number of 
stator phases, q» will also remain the same as in Hamner’s 
motor design, 3. Therefore, increases in the rated power must 
arise from changes in the referred rotor current, Ie, or Re or 
Bath. 


3.2.2.1 Rough Sizing 


Torque is generated through a shear stress», Ty» on the 


stator and rotor surfaces, reference (391. It ıs caused by 
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the perpendicular magnetic field intensities, H,, due to the 
air-gap flux density, in the radial direction, and the flux 
density due to the stator and rotor currents, in the tangen- 
tial direction. 


Ta HA 4 Hl 


This is the appropriate shear stress. It is a force per 
unit area. To find the torque, T., multiply the shear stress 
by the appropriate area to obtain a force. Then, multiply 
that force By a moment arm to obtain the torque. Here, Ras 
is the air-gap radius and L the air-gap length. 


٤,۰۱ )217 L) Ra 02‏ > بآ 


Knowing the torque, the power output, Pauses can be deter- 
mined by multiplying the torque by the mechanical speed, Q,. 


E R3 


Now, the shear stress for a particular machine can be 
developed. Consider first the radial air-gap flux density, 
.م8‎ This can be considered to be limited to a value of 1T. 


uH, رق‎ IT H4 


The tangential field intensity, H,, is a function of the 
current density in the stator or rotor. Hence, it is limited 
by the current density limit of the conductors. This is 
reasonably well established for machines with various types 
of conductors and various cooling schemes. Nevertheless, an 
empirical relationship will be used to find the shear stress. 


Bear 
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Tig = aX 

Alpha is an empirical machine constant which equals 
approximately O.1 for large machines and 0.01 for small 
machines, references [341 and [351]. The propulsion motor 
under consideration certainly qualifies as a large motor. 
However, due to uncertainty arising from a sea-water filled 
‘air-gap’, alpha will be taken to be 0.05. 
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Table 1 - Established Motor Parameters 
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Table 2 - Unknown Motor Parameters 
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With regard to the known quantities, B... and B. are 
related through the machine geometry, specifically the stator 
tooth width. Besas is the saturation flux density. The 
stator teeth must provide a path for all of the air-gap flux. 
Hence, the stator teeth, which present a much smaller surface 
area than the air-gap surface, will saturate long before the 
backing material. The relationship between Baas. and B. is 
shown below. A, is the ratio of the aggregate stator slot 
width to the air-gap circumference. 
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The quantities shown for Baas and B- in the table above 
indicate that the machine must possess an aggregate stator 
slot width to air-gap circumference ratio close to 0.38. 


e 


ee 





The known quantities from the table above will be substi- 
tuted into equations 1 through 5 to gain acceptable values 
for the unknown quantities. The magnetic backing material 
thickness, ty, is discussed later. 
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Based on the pressure hull calculations, a reasonable 
value for Rag would be 2.51m. This would yield a core length 
of 2.61460 (103 inches). This is a reasonable length. a 
fact, it is only 0.9 inches greater than the length of Ham- 
ner's motor design. 


3.2.2.2 Geometric Scaling 


So that the results of Hamner’s heat flow analysis can be 
assumed to be applicable to the baseline motor, the geometry 
of the baseline motor will be made similar to Hamner's.  Hav- 
ing determined the radius and length of the baseline subma- 
rine propulsion motor, the other motor design details can be 
scaled up from Hamner’s motor design by an appropriate 
amount. The dimensions that will be altered will be ‘air’- 
gap radius, core length, and slot depth and width. The two 
following figures show the geometry and appropriate 
dimensional variables of the rotor and stator slots. 
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Figure 1-Stator Slot Geometry Figure 2-Rotor Bar Geometry 


The circumference of Hamner’s stator is 1i5.249m. The 
stator slot width of Hamner’s motor is 0.O4im. Their ratio 
is 0.002689. The circumference of the baseline submarine 
Motor is 15.771m. If the same ratio is to exist, then the 
stator slot width of the baseline submarine motor will be 


0 . 004 2 ۰ 

The radius of Hamner’s stator is 2.427m. The stator slot 
depth is 0.064m. Their ratio is 0.02637. The radius of the’ 
baseline submarine motor is 2.510m. Using the same ratio, 


the baseline motor slot depth will be 0.066m. 


Increasing the dimensions of the conductor in the stator 
Slots will permit more current to be carried by the stator 
conductors. Hence, for the same current density, the arma- 
ture current may be increased from 48434, in Hamner’s motor; 
to 526428۵ in the baseline motor. Adjusting the motor to yield 
appropriate equivalent circuit parameters will provide a 
motor which could use the higher current to produce the 
higher output power. It is important to note that the insu- 
lation thickness will change if the voltage level is changed. 
If insulation thickness increases, for the same slot size, 
then a smaller conductor cross-section will be available for 


current conduction. 
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The rotor circumference in Hamner’s motor is 15.281m. 
The diameter of the holes punched in the rotor core lamina- 
tions, which hold the rotor bars in Hamner’s rotor, is 
O.O41m. The ratio of these two dimensions is 0.002683. The 
circumference of the baseline rotor is 15.802m. For the same 
ratio, the baseline rotor bar diameter must be 0.042m. The 
rotor bar slot width will be kept the same size. 


The following table contains all of the stator and rotor 
slot and conductor dimensions. The baseline dimensions rep- 
resent a scaled version of Hamner’s design. 


Table 1 - Motor Geometry Details 
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3.2.2.3 Determination of Circuit Parameters 


Changing the size of the motor and its geometric details 
will certainly alter the value of the equivalent circuit 
Parameters. A classic equivalent circuit representation of 


3 tTmeueetion motor is used. 





” 161 1 > 1 2010251855 Motor Equivalent Circuit 


10 005 5212520 7 056 1م‎ 51851 ۹٢٢35۱5٤٩ circuit parame- 
ters of the baseline motor design will be calculated from 


first principles. 


In the development of the circuit parameters the "classi- 
cal" approach will be taken with its concomitant assumptions, 
reference [341]. The first assumption is that the rotor and 
stator can each be modelled as balanced, identical, three- 
phase windings. Although the rotor of the Baseline motor is 
actually a squirrel-cage rotor, modelling it as a three-phase 
wound rotor serves as an initial approximation in calculating 
the magnetising, or air-gap, reactance. The second assump- 
tion is that there are no saliency effects. The third 
assumption is that the three-phase windings, both rotor and 
stator, are identical. In this treatment, only the effects 
of the space fundamental component of the travelling flux 


wave will be considered. 
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Using a Fourier series to describe the square-wave MMF, 
reference [343 goes on to determine the synchronous induc- 
tance, Leyins Of a three-phase winding and the mutual induc- 
tances Mag, Between windings linked across the air-gap. Both 
of these terms are for the space-fundamental term of the 
Fourier expansion. The stator mechanical angular displace- 
ment is given as 0. 


g4Uu, KL, 2,2 





ya 2np/g HI 
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Mag = org Neko ‚k,c0sCp8)= Mcos(p0) #2 


The air-gap width is g. The number of pole-pairs is p. 
The air-gap radius is R. The stator and rotor winding fac- 
tors are ky and ky.» respectively. The stator and rotor 
series-turns per phase are N, and N-, respectively. 


Flux linkages, ^, for a three-phase induction machine are 


described by the series of equations shown below. 
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The three sub-matrices which comprise the inductance 
matrix in equation 3 above follow. ہا‎ represents the stator 
winding induction matrix, L- the rotor winding inductance 


matrix, and Mag the air-gap mutual inductance matrix. 
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Whereas the windings are identical, the non-diagonal 


terms of the L, matrix are all equal. 
Lea Lean Leap 
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The actual values of the elements in the matrices of 
equations 5 and 6 are determined by the analysis which led to 
equation 1. Les and L-a represent the self inductance of the 
a-phase of each winding. Luar and Lrap represent the mutual 
inductance between stator a- and B-phase windings and rotor 
a- and b-phase windings respectively. The mutual inductance 
which links the stator and rotor windings across the air-gap 


is shown below. 


3 
M = Mcos| pe- 27. Mcos(p9) Mcos[ pe 27) #7 


21 2 
Mcos(po) Mcos| pa+ 7] Mcos| po- 7] 


29 
21 21 
Mcos[ pe 27. Mcos(pe- 77. Mcos(p8) 
The air-gap mutual inductances are determined by the 


analysis which led to equation e. 


The stator and rotor windings described by equation 3 are 
excited with balanced, three-phase currents, i4. The rotor 
winding is also excited by three phase currents, i.. These 
currents are shown below. 


ig =/,cos(wt) 
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The current subscripts indicate the rotor or stator and 
the respective phases. Since balanced currents are assumed, 


Im is the magnitude of the three stator phase currents. 
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Likewise, I. is the magnitude of the three rotor phase cur- 
rents. E, is the relative phase angle between stator and 


rotor currents. 


A relationship 1s required that will relate the mechani- 
cal rotation of the rotor» Wi, to the angular location, 89. 
8, represents the angular displacement of the rotor at time 
zero. This relationship plays a key role in the air-gap 


mutual inductance. 
9 < + H9 


substituting the currents in equation 8 and the angular 
location described by equation 9 into equation 3, and then 
solving for the a-phase stator and rotor flux linkages yields 
the following two expressions. 
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Now, the relationship between the stator frequency and 
mechanical speed of an induction motor, slip, is used to 
relate the stator frequency and the rotor frequency. w is 
the stator electrical frequency, w, the rotor electrical fre- 
quency. 


"q 
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The goal of using this relationship is to describe the 
stator and rotor flux linkages using complex notation, which 
requires both quantities to have the same time dependence. 
The desired complex notation is shown below. 


A, =RefA ۵٣٥ )دم سی‎ ه٢‎ "13 
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The expression for the stator flux linkage and current 
has a time dependence whose frequency is that of the stator 
current, while the rotor flux linkage and current has a time 
dependence whose frequency is the rotor’s electrical fre- 
quency. 
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Substituting equation 12 into equation 10, then solving 
for the complex amplitude of the a-phase flux linkage of the 


stator, A permits utilisation of the same time dependence 


ca ? 
and the use of complex notation. The complex amplitudes of 
the stator and rotor a-phase flux linkages are shown below in 


this notation. 
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Now define a rotor a-phase flux linkage and current in 
terms of the stator phase angle. This definition seeks only 
to relate the rotor flux and rotor current phase angle to the 
stator phase angle. 
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The stator and rotor a-phase flux linkages can now be 


expressed as shown below. 
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These equations describing the a-phase stator and rotor 
flux linkages can now be converted into voltage equations. 
The ultimate goal in this case is to develop an equivalent 
Circuit which possesses the same voltage relationships as 
that of the voltage equation derived from the induction motor 
flux linkage relationships. In these expressions», Rea and 
Rea are the resistances of the stator and rotor a-phase wind- 
ings respectively. ممما‎ is the complex a-phase stator volt- 
age. 
3 
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Before proceeding, the following two expressions are 
needed to simplify the voltage equations. The first defines 
the air-gap permeance. 





0 لك > وء‎ #22 
ag 7.9 
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Taking these two expressions, the analysis which yields 
equations 1 and 2, and substituting them into equation 17, 
the following three expressions are developed. These three 
expressions describe how the physical windings affect the 
voltage equations. Note, L, and L. contain two terms, the 
Space fundamental inductance, which is the first term on the 
right-hand side of equations 24 and 285, and a leakage induc- 
tance, which is the second term. 
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These three expressions are all descriptions of the 
inductances that appear in equations 20 and 21. The leakage 
inductances, La, and Lei, will be dealt with later. Hence, 
after substitution of these expressions into 20 and 21, the 
following voltage equations are obtained. 
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Now, through the use of an effective turns ratio, the 
rotor current will be referred to the stator. The physical 
significance of this step is that the referred current is 
that which, if travelling through the stator winding, would 
give rise to the same flux wave as if it were flowing in the 
rotor winding. Hence, all of the air-gap MMF will arise from 
combined stator current and referred rotor current flowing in 
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the stator winding. This is what permits the use of a sta- 
tionary equivalent circuit. Define Ia as I-am referred to 
the stator. 


nt H29 
-_ Nk ٤ 





Using this defined current, and assuming that Veaw 15 
equal to zero because the rotor windings are shorted, the two 
voltage equations below result. 
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The parameters appearing in these two equations follow. 
R= Rea #32 


Yas وت‎ #33 
Given the form of equations 3O and 31 above, and the 

equivalent circuit configuration shown in Figure 1 of this 
section, it is readily seen that equations 32-33 provide the 
descriptions of the values of two of the circuit elements in 
the induction motor equivalent circuit. What remains left to 
do in order that an equivalent circuit analysis of the base- 
line motor be performed is to determine varues for the 


leakage reactances and the referred rotor resistance. 


Ra is the resistance of the stator winding. 


AX Lag + 2XX 
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The next step is to compute the magnetising inductance; 
۸۸۰ This requires knowing the number of stator turns, Nas 60 
in this case. The stator winding factor, k,, must also be 
known. Reference [34] provides a method of computing ka. 


sin( ==) na 
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Using the expression above for the stator winding factor 
and considering the space fundamental harmonic only, yields 
the winding factor for the stator. y is the electrical angle 
between the stator turns of a single phase, @ the winding 
pitch angle, m the number of turns per phase, ku» and kam the 
breadth and pitch factors of the stator winding. n is the 


harmonic index. 
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Using these two values in equation 33 will yield the mag- 


netising inductance. 
X,7 1 0 ۰ 2.34x10'*H-6070.75* - 1.3370 #37 


Re is calculated in a method totally analogous to HR, but 
for inclusion of the effective turns ratio. The effective 
turns ratio is difficult in this sense only because the rotor 
turns and rotor winding factor are somewhat in question in 
the case of a squirrel cage rotor. Hence, reference [34] 
will be used to provide the relationship which describes the 
value of Ra for a squirrel-cage rotor to be used in the 
induction motor equivalent circuit. The development of the 
squirrel-cage rotor model is discussed in section 4.2.1.2. 
The expression for Re is shown below. 
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)7ہ ےیم‎ Roar #38 

Na 
The actual resistance of a rotor bar, Rears ¿is calculated 


just as that of the stator conductor in equation 34. 





cou Es 
Ree 19 -350.6u0 H39 
Arc 
- 2.6 
۳ هر‎ CALME 60?-0.75?- R,,,=15.6m0 4 40 


What is left is computation of the stator and rotor 
leakage reactances. This is difficult because the leakage 
flux paths are not well defined. Many references offer 
empirical relationships which provide estimated values for 
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the leakage reactances. Several sources of leakage reactance 
are usually accepted. These sources are slot», belt, zigzag» 


end winding and skew, references [17, 18, 3^ and 361. 


Reference (34] offers a derivation of a method for calcu- 
lating the slot, belt and zigzag inductances for the stator 
winding of an induction motor. It also offers a method for 
the calculation of the leakage inductance of the rotor cage. 
This reference does not offer an analytical means of calcu- 


lating the end winding and skew leakage inductances. 


Reference [18] offers a qualitative discussion of leakage 
inductances in general, a discussion of slot leakage, and how 
to determine them from blocked rotor tests of actual 
machines. Reference [17] states that the stator leakage flux 
is usually 5 to 11 percent of the space fundamental induc- 
tance. Such a range is not offered for the rotor leakage 
inductances. Reference [36] indicates that the ratio of 
leakage inductance to magnetising inductance varies from 9 to 
cO percent for conventional geometry cylindrical rotor 
machines. Hence, reference [34] will be used to calculate 
all but one of the leakage reactances. 

The stator leakage inductance will be considered first. 
The slot, belt zigzag and skew leakage inductances will each 
be considered in turn. 

The equation below shows the calculation of the stator 
Slot leakage inductance. Reference [181], page 109, describes 
the method used here. 

Bb (Dt DADA DAY) 
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At nominal stator frequency, 30Hz, this inductance 


becomes the reactance shown below. 
X jac" 0 Lane 19.3mQ #42 
The equation below shows the calculation of stator belt 


leakage inductance. Reference [34] describes the method used 


to develop this equation. 
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These belt ‘leakage’ terms actually link with the rotor, 
as discussed in reference [341; hence, the inductances above 
appear in parallel with the corresponding rotor harmonic 
terms shown below. The first expression develops the rotor 
slot inductance needed in the two subsequent expressions. 
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The combined effect of these belt leakage terms is the 
parallel combination of the fifth and seventh order terms. 
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Reference [34] describes the stator zigzag leakage induc- 
tance using the equation shown below. 
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Reference [363] provides a means to estimate the skew 
leakage inductance. This estimate is based upon a calcula- 
tion describing the effect of skew on the magnetising induc- 


tance. The estimate of skew leakage inductance is shown 
below. 


La, 7 (0 7k): L, 451 


K- represents the "skew factor". It describes the effect 
of skew in a manner analogous to pitch and breadth winding 
factors. The key parameter is the skew angle, f,3 in most 


motors this is the pitch between one pair of slots given in 
electrical radians. 
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After evaluation of the preceding expression, the value 
of skew leakage inductance is found to be approximately 213 
micro-Henries. This leads to a skew leakage reactance of 
0.0401 Ohms. 


The total leakage inductance is the sum of the foregoing 
inductances. fhe total stator leakage reactance is the 
leakage inductance multiplied by the stator electrical fre- 


quency. 
X,=wL,= 188.58 "'x(103.2+41.8+20.6+0.1+212.8)x10H=71.3m0 453 


Xe Can now be calculated. Reference (34] provides the 


expression for X= shown below. 
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The table below shows the values of the equivalent cir- 
cuit parameters that were developed analytically. 








Table 1 - Equivalent Circuit Parameters from Analytic Deriva- 
tion 
n 0 IHR! m 
| R,-0.00610 i 
' ¥,-0.0710 
SEEN ا‎ A A 
] 1 
| X,71.337Q | 
۴ 2 Zum 
l ۲ 2 8 | 
R,=0.01560 j 
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3.2.2.4 Equivalent Cir 
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cuit Analysis 

In order to find the power rating of the motor, equation 
3.2.2.2 must be used. To do this, la must be found. Hence, 
a Circuit analysis of the equivalent circuit, shown in Figure 
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1 of section 3.2.2.3, will be performed. As originally 
designed, Hamner's motor used an input voltage of 28309V,., at 
30Hz. This same voltage will be used initially in hopes that 
it will provide adequate power given the equivalent circuit 


parameters developed in the foregoing section. 


Calculations based on the equivalent circuit diagram 
indicate that, with the circuit element parameters of section 
3.2.2.3 and the applied voltage level of 2309V,..4., the base- 
line motor will not provide the required power. If, however, 
the rotor resistance» Re», could be reduced to a value of 
O.Oi410hms, then the motor will provide the required 19.2MW. 
This decrease in resistance can be achieved by increasing the 


diameter of the rotor bars. 
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ديع‎ Nake: Roa HI 
The actual resistance of a rotor bar, Rears is shown 
below. 
Do دد‎ 
R پا تي‎ 8 
bar Ace 2 
۲ _12:2.614m 2 1 
o 206 60۰۰0:6797 RE 83 
9x10 "Ohm-m-2.614m 
R2=0.01410= 308.33. I ۳-7 H4 
rc 
“A, =0.00154m* HS 


To achieve this, the rotor bar diameter must be increased 
to 0.044m. This represents an increase in diameter of 2mm or 
almost S percent. The impact of this change on the rotor 
flux density is minimal, 3 percent; however, it does increase 
the rated power of the motor to 19.2MW, the design require- 
ment. 


The stator current, I,, in the case of the baseline 
design, is equal to 358365. The stator current in Hamner’s 
motor is 48434. Computing the Ohmic loss in the stator, 
Picw«» indicates that the heat which must be removed from the 
baseline design is slightly less than that of Hamner’s 
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design. Hence, the heat flaw conclusions made by Hamner 
should be just as true about the baseline design as his 


design. 
Prose = LR, 46 
Hamner's Motor P7 (4842.7 AYx0.011 02 258.0kW H7 
Baseline Motor Poe, = (3582.64) x 0.00610 =78.3KW #8 


Standard analysis of the equivalent circuit model of the 
motor will yield a torque versus speed and output-power ver- 


| sus speed curves. These two figures are shown below. 


Baseline Motor Torque-Speed Curve 
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Baseline Motor Power-Speed Curve 
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The equivalent circuit analysis indicates that the base- 
line design motor, as currently configured, will produce the 


required amount of shaft horsepower. 
3.2.2.5 Additional Power Losses 


The typical losses calculated using the equivalent cir- 
cuit method are due to stator and rotor ohmic losses. In the 
Simplified circuit used in this research, eddy current and 
hysteresis losses are neglected. This research also neglects 
"windage' losses. The unique nature of the ‘air’-gap in this 
particular motor adds another possible loss mechanism.  Fur- 
ther losses involve energy dissipated in the thrust bearings. 


Regarding losses, two important issues arise which are 
related to the presence of sea-water in the ‘air’-gap. 
First, having a viscous liquid in the ‘air’-gap will increase 
windage losses of the motor. Second, the sea-water in the 
“air*-gap» being an electrical conductor (albeit a poor one), 
will be subjected to a time-varying magnetic field. This 
will induce currents in the sea-water, introducing another 


source of electromagnetic losses. 


After going through all of these types of losses, the 
total sum of these losses, which will be neglected throughout 
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the rest of this research, is on the order of 100.4kW. This 
amounts to about one half of one percent of the motor’s rat- 
End. 
3.2.2.5.1 Eddy Current and Hysteresis Losses 

The usual approach to eddy current and hysteresis losses 
is to use loss data from the information sheets for the mag- 
netic material that comprises the motor core. For M19 steel, 
the material that Hamner and this design assume, the 
information sheet from U.S. Steel provides the core loss in 
Watts per pound. This loss is a function of flux density and 


frequency. 


For a flux density of 1.6T and a frequency of 30Hz, the 
core loss is roughly O.37W/1bf. The core weighs 71tons, 
1 539 ,و‎ 2001۳۴ ۰ This implies a core loss of 58.4kW. This repre- 
sents 0.3 percent of the propulsion motor’s rating. 


3 . 2 . 2 . 5 . 2 Windage Losses 


By virtue of the fact that there is a viscous fluid in 
the ‘air’-gap, the windage losses of the propulsion motor 
will be significantly more than if there were air in the 
*alir'-gap. Some notion of whether or not this loss mechanism 
is significant compared to the motor’s rating must be 
obtained. 


The flow of fluid within the ‘air’-gap is essentially a 
viscous "Couette" flow. The velocity gradient between the 
moving surface and the fixed surface gives rise to a shear 
stress, Tt, reference [371]. This shear stress can be found at 
the outer stator surface around the entire circumference. 

The constant of proportionality between the velocity gradient 
and the shear stress is the absolute viscosity of the fluid. 


dv 
يمح‎ 8 
C= 1 


The force due to this shear stress can be found by multi- 
plying the shear stress by the ‘air’-gap area. 


۲ ۶ ۰21 و‎ H2 


The power dissipated in this way is found by multiplying 
this shear-induced force by the rotor?s linear velocity, V. 
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Using this approach, the estimated power dissipation is 
on the order of 4kW. Compared to the rating of the motor, 
19,200kW, the losses due to ‘windage’ are negligible in the 
context of this research. This result may appear to indicate 
that it is possible to make the ‘air’-gap smaller from a 
‘windage’ perspective; however, the ‘air’-gap width is driven 
by machining tolerances. 


d.d.d.5.3 Electromagnetic ‘Air’-Gap Losses 


Two relationships are used to determine the losses aris- 
ing from the currents induced in the sea-water which is in 
the ‘air’-gap. Faraday’s Law describes the electric field 
intensity, E, arising from a time-varying flux density,-B. 
This relationship is shown below in integral form, reference 
IL]. 


f B: nda HI‏ .7 ےرہ عم 
C dt Js‏ 


Once the electric field intensity is known, it is possi- 
ble by using the constitutive relationship for sea-water con- 
duction, Ohm's Law, to find the current density, J, induced 
in the sea-water. 
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The path for the line integral in the first equation 
extends axially down the ‘air’-gap, circumferentially half 
the way around the motor, then back up the “air’-gap, and 
finally to the starting point by travelling circumferentially 
half the way around the motor a second time. Assume that the 
electric field intensity is zero along the circumferential- 


legs. This leaves the following relationship. 
CEE --2 | ۵ H3 
E dlls 


Now, the flux density which passes through the surface 
bordered by the curve of the integral of the electric field 
intensity 1s time variant. Assume that it is a sinusoidal 
travelling wave. 


B= B,exp/(mo-w, tpi, #4 
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Integrating this expression over the surface amounts to 
multiplying by one half of the ‘air’-gap surface. The time 
derivative of this expression introduces a phase shift term. 


The exponential term will be dropped for ease of handling. 


ZEN) = B xn. La 85 

Whereas the concern here is solely with magnitudes, E and 
Bo» the phase relationships will be ignored. The electric 
Field intensity will give rise to a voltage. This voltage 


appears along the length of the ‘air’-gap. 


Va FIEL Lag = 5.84% 115 H6 

The resistance of the ‘air’-gap can now be computed. The 
resistance will be equal to the resistivity of sea-water, feys 
divided by the cross-sectional area of the conducting region, 


Acs» multiplied by the length of the conducting path. 


+9 1 H7 
cs 


The power dissipated will be equal to the voltage squared 
divided by the resistance computed above. 
(02821? RA Lg 


P aice = BEE EE #8 


For a flux density of 1.6T, Bas, a five millimeter ";air'- 
Gap, G> and saltwater resistivity of 0.250hm-m, the power 
dissipated in the sea-water is 650W. 


3.2.2.5.4 Thrust Bearing Losses 


Appendix A contains the thrust and journal bearing calcu- 
lations. Included in those calculations is a determination 
of power loss due to the shear stresses generated within the 
sea-water which lubricates the bearings. The shear stress is 
Proportional to the velocity gradient across the lubricant 
mim. The velocity Gradient is a function of the motor's 
speed. The power loss in the forward thrust bearing is 
19.7kW. The power loss in the astern thrust bearing is 
17.3kW. The power loss in the journal bearings is 17.6kW. 


Ve 





Hence, the largest operating power loss due to these bearings 
is 37.3kW. This loss, as the others, is small enough to 
neglect in an early feasibility study such as this. 


3.2.2.6 Core Thickness 


The remaining motor design calculation will address the 
question of the thickness of the magnetic core material. 
This item is important because it accounts for most of the 
motor weight. The sizing relationship that will be used is 
shown below, reference [35]. 


B, 
D Beat 


| ^v 
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The baseline machine has 3O pole pairs, a radius of 
2e.5125m, an air-gap flux density of 1T, and a saturation 
intensity of 1.6T. These attributes yield a backing thick- 
ness, te, equal to S.3cm. With this backing thickness, the 
minimum stator core and rotor core thicknesses are 0.119m and 
O.105m respectively. Using these thicknesses yields a motor 
core weight of roughly 71tons. This will be taken as the 
total motor weight. The additional equipment weights, sup- 
porting structure, propeller, bearings, controller, conduc- 
ters and cooling equipment will be calculated subsequently. 


3.2.2.7 Space Required 


A vital issue asks whether or not the proposed motor 
design will fit into the space between the hull envelope and 
the pressure hull. First, the axial length of the motor is 
considered. Second, the radial extent of the motor is 


assessed. 


The length of the motor by itself is determined by the 
core length and the end-turns of the stator conductors or 
conductor rings of the rotor. The core length is 28.614m for 
both rotor and stator. The stator end-turns will have a 
somewhat larger axial length than the rotor conductor ring. 
The thickness of the rotor ring will be on the order of ۰ 
Hence, the stator provides the limiting length. The length 
of the end-turns extending beyond the stator core on each end 


of the stator core will be taken as 0.160m. This is the 
length offered by Hamner. The axial length of the motor is 
2 . 9 ۰ 
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The radial extent of the motor depends on the core thick- 
nesses and the alr-gap. The outer radius of the stator core 
15 2.5108. With a core thickness of O.119m, the inner radius 
of the stator core would be 2.39im. The air-gap is mm wide. 
Hence, the rotor inner radius is 2.515m. This means that, 
for a rotor core thickness of O.105m, the outer rotor radius 
is 2.6520. Hence, the motor extends radially from 2.39im to 
2.620m. The pressure hull radius at the motor location is 
2.134m. The propeller hub radius is 9.758m. Therefore, the 
motor will fit between the pressure hull and the hull enve- 
lope. 


3.2.3 Impacts on the Submarine Design 


The baseline propulsion motor produces requirements that 
the submarine design, as a whole, must accommodate. These 
requirements can be broken into four areas, electrical input 
power, motor control, structural support and force transmis- 
sion, and lubrication and cooling auxiliaries. 


The submarine design's electrical generating plant must 
provide sufficient power to the propulsion motor. Figure 1 in 
section 3.1.8 shows the real power required by the motor, 
Pane--This must be supplied by the Submarine design's generat- 
ing plant. Furthermore, as the propulsion motor is an induc- 
tion motor, the generating plant must supply this power, Pns 


"at a less-than-unity power factor. The effect of a lagging 


load on the electrical generation plant of the submarine must 
considered when determining the generation plant’s capacity. 
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Figure 1 سر‎ Induction Motor Power Factor versus Speed 


The figure above contains several assumptions. A control 
scheme for the motor is assumed to vary speed by varving input 
frequency and voltage. The slip at each frequency is assumed 
to be the same. Winding inductances are assumed to be con- 
Stant over the frequency range. 


When interpreting Figure 1, it is vital to recall the 
power versus speed relationship, Figure 3.1.8.1. Figure 1 may 
seem to indicate that motor operation at slow speeds places 
great demands upon the power generation plant. However, the 
power versus speed relationship shows that the propulsion 
motor has a low power factor for light loading only. Near 
rated power, its power factor is close to O.8, which is not 
overly burdensome. 

An implicit requirement for submarine propulsion is that 
the submarine’s speed be continuously variable. In the case 
of the baseline motor design, this dictates a need for a motor 


controller and power conversion equipment. Given the rating 


2 


of the propulsion motor, this power conversion equipment will 
be relatively large and have relatively stringent cooling 


requirements. 


The submarine design’s hull must support the weight of the 
baseline propulsion motor as well as the dynamic forces 
created by the motor. The support structure, called the motor 
casing, motor frame and foundation in conventional electric 
motors, must react the forces of electromagnetic origin. 
Thrust bearings must be included in the design to react the 
thrust from the propeller on the rotor. Further, the rotor 
requires a journal bearing that will preserve the air-gap 


clearance. 


Given the clearances involved, the cooling and lubricant 
requirements, and the dire consequences of overheating due to 
clogged flow, the *free-flooding” space surrounding the pro- 
pulsion motor must be supplied by forced-circulation, strained 


sea-water system. 


The four requirements form the basis of the support that 
the submarine design must provide. They also are the impact 
that the propulsion motor has on the submarine design. These 
issues are addressed in subsequent sections. 


3.3 Tentative Motor Controller Design 


It is an absolute requirement that the baseline submarine 
have continuously variable speed. This requirement in any 
application usually puts induction motors at an immediate dis- 
advantage. However, developments in power electronics have 
permitted induction motors to be competitive with other motor 
types in variable speed drives. 


The speed of an induction motor can be varied by three dif- 
ferent means, reference C18]. First, through switching wind- 
ings, the number of poles that an induction machine has can be 
varied. Second, the stator frequency can be varied. Third, 
the motor’s slip can be varied. The best method of speed con- 
trol for the Baseline submarine’s propulsion motor is control 
of the stator frequency and voltage. 
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Using pole-changing by itself to control speed has several 
disadvantages. First of all, this scheme will only allow a 
discrete number of speeds. Rather than having continuously 
variable speed, only two or three distinct speeds could be pos- 
Sible. Second, changing the number of poles changes the flux 
density. Halving the number of poles doubles the required 
backing thickness. This increases weight. Pole-changing is 
very simple for squirrel-cage induction motors» though. 


Pole-changing does offer an advantage when used in conjunc- 
tion with variable stator frequency. This advantage comes in 
making it possible to travel at either of two speeds with a 
given stator frequency. The advantage of this is in acoustic 
deception.--An observer would not know for certain by monitor- 
ing the electrical supply frequency what speed the submarine 
was making. 


Now that the method of speed control has been chosen, its 
implementation must be considered. Power must be supplied to 
the stator at varying frequency and voltage levels. Rotating 
frequency changers can be used or static (power electronic) 
frequency converters can be used. For acoustic reasons, the 
Static frequency converters are somewhat more desirable than 


motor-generators. 


Basically two schemes exist for creating a variable fre- 
quency stator voltage, reference [381]. First, a variable volt- 
age level can be used in a bridge converter type of topology. 
Second, a constant voltage level can be used in conjunction 
with a pulse-width modulation scheme. Choosing which method is 
preferable will focus on generation of harmonics. 


In the variable voltage bridge converter, square waves are 
made to approximate sinusoidal waveforms. Through harmonic 
elimination and cancellation techniques, usually the lowest 
harmonic is the 7th harmonic of the sinusoidal frequency. With 
the pulse width modulation scheme, the harmonics are harmonics 
of the switching frequency, which can be a high frequency. 
Hence, the pulse width modulation scheme produces harmonics 
that are most easily filtered out. 
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Therefore, the turbine-generators on the baseline submarine 
will supply 60Hz AC power. This power will feed a DC link 
converter. The DC link converter will supply variable fre- 
Quency and variable voltage level AC power to the propulsion 
motor. The AC power supplied to the propulsion motor will be 
filtered, pulse width modulated, DC link voltage. 


3.4 Thrust and Journal Bearing Design 


Several characteristics of a motor usually have a large 
impact on which type of bearings to use. Two basic types of 
bearing are available, sliding bearings and roller bearings. 
These two types are broken down further. Prior to selecting a 
particular type of bearing, the characteristics of the motor 


which the bearings will support will be considered. 


The results of the thrust and journal bearing designs show 
that the sea-water lubricated bearings are feasible. The 


designs also provide the dimensions of the bearings. 


3.4.1 Thrust Bearing Design 


The baseline propulsion motor can be characterised as a 
highly loaded, slow motor. The expected thrust which the 
thrust bearings must react is on the order of 1.2MN 
(270,0001bf or 120tons). The rated speed of the motor is 
38.8rpm. At the air-gqap radius, 2.510m, this translates into 
a linear velocity of id.im/s (Se.8ft/s or 3ömph). Of great 
importance to this thrust bearing design is the fact that it 
1S necessary to be able to reverse the direction of rotation 
of the motor. Furthermore, the speed of rotation is continu- 


ously variable from O to 58.8rpm. 


Additional constraints are placed on the thrust bearing 
design by the requirement that the motor be flooded. It would 
be very difficult to design a sea-water flooded thrust bearing 
that was not sea-water lubricated. To do so would require 
rotating seals, a great complication. Hence, the lubricant of 


choice is sea-water. 


Based on the selection criteria offered by Harris, refer- 
ence (14], by Wilcock, reference [15], and by Constantinescu 
et al, reference [16], the most suitable type of thrust 
bearing is a lenticulated, tilting, rectangular, tin-bronze 
pad sea-water flooded, sea-water lubricated, thrust bearing. 
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This type of thrust bearing has good load carrying capability 
at slow speeds and is also acoustically quieter than most of 
the alternative bearing types. Furthermore, its direction is 
reversible. (Lenticulated describes the fact that the active 
surface of the thrust bearing pad is not flat, but, rather, is 
convex in the longitudinal axis of the pad.) 


The principle behind lenticulated, tilting pad thrust 
bearings is using the hydrodynamic characteristics of the flou 
of lubricant between the pad and the thrust surface to trans- 
mit thrust between two surfaces in relative motion with 
respect to each other. In this application, the thrust 
bearing pads are fixed to the hull. The thrust surface is the 
smooth forward, and aft, faces of the rotor. As the rotor 
Starts to move, a thin film of sea-water forms between the 
thrust bearing pad and the thrust surface. This thin film of 
sea-water transmits the thrust from the rotor to the hull. 


See the figure shown below. 


Thrust Surface Fixed Sur face 


Voce 


۳ > 


(Drawing is not to scale.) 
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Figure 1 - Thrust Bearing Geometry 


In many thrust bearing applications, the lubricant is pro- 
vided to the bearing at pressure by an external lubricant sup- 
Ply system. In this application, no need is seen at this 
Point in the design to provide pressurised sea-water to each 


Ls 


bearing pad. This would represent an unnecessary complication 
to the design, increasing the weight and complexity of the 


propulsion motor auxiliary systems. 


Whereas the motor and thrust bearings are flooded in sea- 
water, adequate lubricant flow is ensured by the flow of sea- 
water through the free-flooded space surrounding the motor. 
Rather than providing sea-water to each pad, a sea-water 
distribution system will be implemented to ensure a consistent 
flow of sea-water through the entire free-flooded space sur- 
rounding the motor and thrust bearing pads. The sea-water 
distribution system is discussed in more detail in section 
E, 


To this point, the geometry of the assembled bearing; 
speed, thrust, and lubricant for the thrust bearing are speci- 
fied. Additionally, the type of thrust bearing pad is speci- 
fied. Only selection of specific pad geometry, number of 
pads, and lubricant film thickness remains. Wilcock offers a 
thrust bearing design method. It 15 somewhat simplified and 
is only wholly correct for flat tilting pad thrust bearings. 
Constantinescu et al offers a more generalised thrust bearing 
design method. Both of these methods are used for the base- 
line propulsion motor thrust bearing design. 


Both thrust bearing design methods are iterative. The 
critical design component is the lubricant temperature 
increase as it flows through the pad. The ambient lubricant 
temperature, lubricant kinematic viscosity as a function of 
temperature, lubricant density, and thrust bearing geometry 
must be specified. A maximum lubricant pressure level within 
the lubricant film is specified. Finally, the temperature of 
the lubricant as it exits the pad is guessed. 


With the given geometry and lubricant, Wilcock’s method 
provides pad size and the number of pads needed. This method 
also provides the pad tilt angle as well as the minimum film 
thickness. Additional information provided by this design 
method is stress within the lubricant film, power loss; 
required lubricant flow rate and the lubricant temperature 
rise. The calculated outlet temperature is compared with the 
assumed outlet temperature. Further iterations should bring 
the guessed and the calculated temperature rises into agree- 
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ment. The lubricant stress should also be less than the maxi- 
mum allowable stress level. Dime 20:0 18 6ع 1 ای‎ ٣ ۵ that should be 
met is the minimum film thickness. 


In addition to all of the inputs to Wilcock’s method, the 
pad tilt angle, minimum film thickness, pad size, pad material 
and number of pads are inputs to Constantinescu's et al design 
method. This second design method is suitable for lenticu- 
Bred pac designs and provides much more accurate characteri- 
sations of thrust bearing performance. The design method also 
provides a pad thickness. 


Wilcock’s and Constantinescu’s et al design methods were 
cast into spreadsheet form. The forward and astern thrust 
bearing design spreadsheets are shown in Tables 7 through 10 
in Appendix A. Wilcock’s method provides the inputs to Con- 
tantinescu’s et al more accurate design procedure. 














Table 1 - Thrust Bearing Design Summary 

Bearing Pad Length IOS OUO Om 
لا‎ v v — ——— eene Er a Oy 88 
4 1 
Bearing Pad Width lo. 805m i 
— 
Lenticular Height ¡119.1um H 
A ےہ ل‎ ce وو‎ 


a 
1 























sim Film Thickness |39 ۲ i 
| ji 

I €—— a Ss 
iNumber of Pads | 4 2 | 
۲«__«ِ«<«- 
| 

Power Lost Due to Lubricant Shear i119. 7kW | 
Stresses | 
alLubricant Flow through Pad ١1 1 هم‎ l 
pna _ nn ا‎ 5 


Ha 
6 
mW 
E Q 
د‎ ۱ 
reas 


000 ا‎ ature Rise Across Pad 





3.4.2 Journal Bearing Design 


After reviewing the design selection criteria in Harris, 
Wilcock and Constantinescu et al for journal bearings, the 
load, speed and reversibility requirements indicated that 
tilting pad journal bearings, much the same as the thrust 
bearing, would provide satisfactory performance. 
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The design method used for the thrust bearing is also used 
for the journal bearing. The spreadsheets appear in Tables 11 
and 12 of Appendix A. The figure below shows the journal 


bearing relative to the rotor and stator. 


(Drawing is not to scale.) 
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Figure 1 — Journal Bearing Geometry 
Table 1 - Journal Bearing Design Summary 
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3.9 Structural Support Design 


Having designed a baseline propulsion motor, the structure 
which attaches the motor to the hull and allows the motor to 
hold its shape must be considered. This task is divided into 
two areas. The structure which supports the motor and connects 
it to the hull has a vital role in the transmission of acoustic 
energy from the motor to the hull and then into the surrounding 
sea. The stator support structure is of vital interest to this 
research. The rotor support structure is of lesser interest at 


the moment. 


Once the baseline propulsion motor and thrust and journal 
bearings have been designed, the remaining step is to design 
the structure needed to support the stator core. Three issues 
have an impact on the design of the support structure. First, 
the support structure must allow sea-water to flow past the 
stator core to allow cooling of the core. Second, prior to an 
acoustic analysis, unnecessary vibrations must be eliminated if 
just to avoid a time-varying ‘air’-gap. Third, the support 
Structure must adapt when the pressure hull is compressed at 
depth. | 


The forces with which the stator support structure will 
interact are forces of hydrodynamic origin (due to flow within 
the free flooded space), hydrostatic forces, forces of electro- 
magnetic origin, forces due to the propeller, and forces due to 
the weight of all of the appropriate components. At this stage 
in the design, a detailed determination of all of these forces 
is not necessary nor is it desirable. Instead, an estimate of 
the maximum magnitude of each of these forces will be assumed. 
For a worst-case analysis, the magnitudes of these forces will 
be added appropriately. 


The stator support structure is broken into six components. 
These components are envisioned to address the three issues 
mentioned previously. In view of the first issue, ensuring 
sea-water flow, the support structure must not be monolithic. 
To address the second issue, unnecessary vibrations, cantilever 
structures and excessive flexibility must be avoided.  Address- 
ing the final issue, pressure hull displacement, requires that 
the support structure be free to move in the radial direction; 


relative to the pressure hull. 
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Bearing in mind the guidelines expressed above, the stator 
support structure components will now be examined and the cri- 
teria for their design discussed. Each component will be 
designed separately; however, at the completion of the entire 
design, many of the components may be combined into larger 
pieces. The initial stator support structure configuration is 


shown in the figure below. 
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Figure 1 
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” انالا‎ 6 € — Stator Support Structure Geometry (Radial Detail) 


The material from which all of these components will be 
constructed is a high strength stainless steel with a yield 
stress of no less than 80kpsi. Whereas most of the forces 


involved are orthogonal, von Mises’ criteria will be used to 
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determine design stress levels. For structures under axial and 
shearing loads, a factor of safety of 1.5 will be used. For 
structures under bending and possibly buckling loads, a factor 
of safety of 3.75 will be used. 


3.9.1 Determination of Forces 


Before beginning design calculations, some notion of the 
maximum magnitudes of the forces acting on the stator support 


&tructure must be developed. 
3.9.1.1 Gravitational Forces 


These forces are the weights of the various motor compo- 
nents. Since these components are being designed, their 
weights are unknown at present. However, the weight of the 
stator core, developed ın section 3.2.2, is roughly 37tons. 
At the outset, it does not seem likely that the weight of the 


other components wıll come even close to this weight. 
3.5.1.2 Pressure Forces 


The sea-water inside the free-flooding area Surrounding 
the stator will be supplied at some pressure slightly above 
the ambient pressure outside of the submarine. This is to 
ensure a flow of cooling water around the motor core. The 
pressure of the supplied sea-water would only need be on the 
order of 10psi greater than ambient pressure. 


While intelligent distribution of the supply ports for 
this sea-water would greatly reduce a pressure differential 
at the two sides of the stator core, a worst case estimate of 
lOpsi sea-water being supplied to the half-length location of 
the 'air'-gap with the sea-water at the stator core back at 
ambient pressure will be used for design purposes. A linear 
pressure distribution is assumed in the force calculation. 
see Table 13 of Appendix A. The results indicate that, in a 
worst-case instance, an outward radial force of 141tons will 
be exerted over the entire stator. 
3.9.1.3 Normal Electromagnetic Forces 

In his thesis on linear induction motor transportation 
systems, reference [5], Weisman offers a derivation of the 
following equation which expresses the normal force of elec- 
tromagnetic origin, Fr. This force acts normal to the stator 


surface. 
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In these equations» Jm is the maximum linear current den- 
sity along the stator outer diameter, 173,4641A/m conserva- 
tively. A, is the wavelength of the stator or distance 
between like poles along the circumference, 0.52öm. Ke 
relates the rotor current to its average value. In this 
Case, a squirrel-cage rotor, it is assumed to be one. The 


most difficult term to determine is vw’. 


y= an (ee | #3 

The physical significance of w' is that it relates the 
phase of the rotating MMF wave to the phase of the induced 
potential in the rotor. c, is the rotor sheet conductor 
thickness in Weisman’s work. In this research it will be 
estimated using the thickness of the rotor bars averaged over 
the entire rotor circumference, O.Oi18m. p is the resistivity 
of the rotor bars, 26.9 x 107?Ohm-m for aluminum. gis the 
*air'-gap width, 5mm. k is the wavenumber associated with A, 
from above, 11.959m-'. This makes wy'-1.380radians. 


Using the values discussed, the normal force of electro- 
magnetic origin is 12,280N (27501bf) per slot or roughly 
0002100۳5 over the entire stator. This value is based on 
assumptions involving maximum current values. 


3.9.1.4 Electromagnetic Torque Forces 


These forces arise from the fact that the stator must 
react the torque which drives the rotor. Hence, to find this 
force only the motor’s torque and the stator’s outer diameter 
need be considered. The maximum torque is 4.05 x 10°N-m. 

The outside radius of the stator is 2.510m. Therefore, the 
force on the stator in the circumferential direction is equal 
دن‎ ١ ا 12ت‎ ٣102۸ (363,000lbf or 162 10۳۱5۱ ۰ 


88 


3.5.2 Core Pins 


The core pıns have a relatively simple purpose. They are 
meant to hold the stator core, a stack of laminations, 
together and provide an attachment point for the rest of the 
structure. The core pin must withstand an axial load caused 
by the stacking pressure of the laminations. The other forces 
acting on the core pins will generate shear stress across the 
cross-section of the core pin. These other forces are the 
weight of the core, the normal electromagnetic force; the 


electromagnetic torque force, and a pressure force. 
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Figure 1 - Core Pin Geometry 


All but the lamination stacking pressure have been speci- 
+ 1 60 . In his research, Hamner recommends using epoxy encapsu- 
lation to protect the stator core from sea-water. This 
requires compressing the stack of laminations. The pressure 
used to hold the epoxy encapsulated laminations together needs 
to be greater than the expected hydrostatic pressure at which 
the submarine expects to operate. A core stacking pressure of 


670psi is used based on these requirements. 


A core pin will be placed through the length of the stator 
at each pole location. This means that there will be 60 core 


pins. 
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3.5.3 Tilters 
The tilters connect the stator core to the stator ring. 

The core pin will fit into a hole in the tilter arm. The core 
pin and tilter are free to rotate relative to each other. The 
tilters have two arms. Hence, they attach to two neighboring 
poles. The normal electromagnetic forces on the two neighbor- 
ing poles should be equal and opposite. Hence, no net force 
due to normal electromagnetic forces should act on the tilter; 


however, a moment will act on the tilter. 
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Figure 1 — Tilter Geometry 


The tilter must withstand the force due to the weight of 
the core plus the normal pressure force. The tilter must also 
support the bending stress associated with the normal electro- 
magnetic forces. The tilter will also have to transmit the 
electromagnetic torque-induced lateral force. There will be 
two tilters for each pole-pair, one on the forward end of the 


stator core and one on the aft end of the stator core, a total 


of 60 tilters. 
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3.5.4 Ring Pins 

The ring pins form the connection between the base of the 
tilter and the stator ring. The tilter and stator ring are 
free to rotate relative to the ring pin. Ring pins are sup- 
ported on either end by stator rings. The are loaded in the 


middle by the tilter. 
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Figure 1 —- Ring Pin Geometry 


The ring pins must withstand a shear force caused by the 
weight of the core, the weight of the tilters, the normal 
pressure force, as well as the electromagnetic torque-induced 
force. There will be one ring pin for each tilter, a total of 


60 ring pins. 


91 





3.9.9 Stator Rings 


All of the tilters and, hence, all of the core pins are 
connected to the four stator rings. The stator rings are 
circumferentially continuous rings which serve to provide an 
attachment scheme for the axial beams used to connect the 
entire assembly to the hull. Tilters, located at the thirty 
stator pole-pairs, attach to the outer circumference of the 
stator rings. Axial beams, located at each of the 64 journal 
bearing pad supports, attach to the inner circumference of the 


stator rings. 
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Figure 1 — Stator Ring Geometry 


The stator rings must withstand a bending (or hoop) stress 
due to the weight of the core and tilters and the normal pres- 
sure force. The rings must also withstand a shear force in 
the circumferential plane that is due to the electromagnetic 
torque-induced force. Whereas the number of tilters and axial 
Deams are not multiples of each other, the distribution of 
stresses will vary around the circumference of the stator 
rings. Prior to applying design criteria, a calculation of 
the maximum stresses within the stator ring is carried out. 
see Table 14 of Appendix A. 
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3.3.6 Axial Beam 


The axial beam is perhaps the most interesting component 
of the entire stator support structure. It is essentially a 
supported beam which holds the stator core and other stator 
support structure components in place and attached to the 
hull. Its ends are attached to the journal bearing pad sup- 
ports. These, in turn, are located on the pressure hull oppo- 
site an internal frame. This is done to minimize the impact 
of pressure hull deflections at depth and ties the stator 
radial location to the rotor’s contact point with the pressure 
null. 
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Figure 1 - Axial Beam Geometry 


The axial beam should be stiff so that it does not tend to 
deflect much at midspan. This is to preserve the ‘air’-gap 
width. It must support the bending stresses due to the 
weights and normal pressure forces. It must aiso react a 
torque which is created by the electromagnetic torque-induced 
forces and the torque reactor. The torque tends to twist the 
axial beam about its longitudinal axis. An in-depth look at 
the bending moment distribution is necessary. 
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3.9.7 Torque Reactors 


The torque reactors are acted upon By the axial beams. 
Only the electromagnetic torque-induced force is transmitted 
to the torque reactors. The torque reactors are hard-mounted 
to the pressure hull. In this way, the electromagnetic torque 
is transmitted to the hull. 
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Figure 1 - Torque Reactor Geometry 


The torque reactors must withstand a bending moment over 
their upper portion. Along the base of the torque reactor, 
the electromagnetic torque causes a Shear stress at the con- 
nection to the pressure hull. 


3.5.8 Integration of Components 


The design criteria and forces for each of the components 
of the stator support structure is incorporated into a spread- 
sheet where the structural calculations are performed. A fur- 
ther check is made to ensure that all of the pieces fit 
together and fit within the space allotted. The spreadsheet 
appears in Table 15 of Appendix A. Included in the appendix 
are some of the appropriate bending moment and shear calcula- 
tions. 
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No claim is made that the proposed structure is the opti- 


mal structure. In fact, many alternative structures are per- 
haps just as suitable. Initial calculations, though, indicate 
that this structure will serve the need.--That is, provide a 


structure to test acoustic properties of the propulsion motor. 


The baseline structure can be taken to be that shown in 
Figures 1 and 2 in section 3.5. The dimensions of each of the 
components can be found in the spreadsheet of Table 15 in 
Appendix A. The estimated weight of the stator support struc- 
ture is 8.Stons. The estimated weight of the rotor support 
structure is 7.0 6 6 . 


3.6 Sea-Water and the Baseline Design 


A revolutionary feature of this entire baseline submarine 
design is the fact that the propulsion motor is immersed in 
sea-water. To design engineers, this represents a great sim- 
plification in cooling water provisions and gland seal con- 
cerns. To operating and repair persons, this represents a 
serious cause for concern. 


The concerns with a sea-water immersed motor are threefold. 
First, the electrical conductors in both rotor and stator must 
be protected from being shorted by sea-water. Second, the 
baseline motor design consists of large pieces which are in 
motion relative to each other and which will be machined to 
very demanding tolerances. These large pieces are easily cor- 
roded in sea-water. Third, the cooling function of the sea- 
water would be lost if marine life or particulate matter 
clogged any of the sea-water channels surrounding the stator 
core. 


The second and third concerns voiced above are equally 
valid for the thrust and journal bearings. The bearings must 
also have unobstructed flow to ensure lubrication as well as 
۴6 19 ٠ 


Hamner offers an acceptable means of protecting the stator 
core and rotor core as well as the stator and rotor windings 
from the harmful effects of sea-water. The question now is how 
the support structure can be protected. The simple answer is 
to use materials which will not corrode. The suggested solu- 


Prem would combine a corrosion-resistant material such as the 


cS 


most suitable of the various types of stainless steel 
(recognising that it too corrodes however slowly) and a protec- 


tive coating. 


In the past, when structural components of a submarine are 
located in a free-flooding space, the scantlings of those com- 
ponents are increased over their required value to provide for 
Strength after material has been lost due to corrosion. This 
practice is recommended for this propulsion scheme. However, 
specific calculations of how much scantlings should be 


increased are beyond the scope of this research. 


Increasing scantlings alone does not provide the most effi- 
cacious approach to mitigating the deleterious effects of cor- 
rosion. For example, the clearances involved in maintaining a 
omm '"air'-gap on a 5.02180 diameter structure do not allow much 
room for corrosion allowances in scantlings. Therefore, steps 
in addition to corrosion allowances in scantlings must be 


taken. 


Hence, all of the support structure components will be fab- 
ricated from stainless steel, then coated with protective mate- 
rial similar to that proposed for core protection by Hamner. 
Doubtless, at locations where two pieces are in contact or can 
move relative to each other, the protective coating scheme must 
be modified. Where relative motion exists, cladding with a 
Sacrificial metal may provide the solution. Eventually; 
though, the cladding metal must be replaced. 


Additional anti-corrosion measures can be specified. An 
installed active cathodic protection system would provide pro- 
tection, but with added weight and power requirements.  zincs 
could be installed throughout the free-flooding baseline 
propulsion motor space, which, if properly arranged, will miti- 
Gate corrosion as well. 


While building in as much corrosion resistance as possible, 
it is vitally important during the manufacturing engineering 
Phase of the construction of such a Submarine design that 
allowances are made in the design for relatively simple removal 
of the rotor and getting ready access to all components of the 
motor, structure and bearings. Zincs must be replaced; cor- 


roded structural elements must be replaced; the structure must 
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be inspected to assess the precise degree of corrosion at the 
very least. All of these require easy and inexpensive access 
(in a dry-dock environment) to the propulsion motor internals. 
Access in this instance must include the ability to remove and 


restore any given structural component. 
3.7 Baseline Design Closure 


The remaining step left in the baseline submarine design is 
to check the feasibility of the design. The initial submarine 
design presented in section 3.1 is used to develop the require- 
ments for the motor designed in section 3.2. The baseline 
propulsion motor design meets the power requirements. The 
controller for the propulsion motor is discussed in section 3.3 
and found to be feasible. Thrust and journal bearings are 
found to be feasible and designed in section 3.4. Section 3.5 
provides the design of the structure of the motor. 


^ calculated weight is provided for each of the structures 
that is designed. These weights will now be included with 
other weight estimates to determine if the required equipment 
can fit into the hull proposed in section 3.1. Additionally, 
some arrangements will be performed to obtain the center of 
gravity of the various equipments. Thus, the submarine design 
can be balanced. 


3.7.1 Refined Weight Estimates 


More accurate estimates of the weights of the seven weight 
groups will now be developed based on the baseline propulsion 
motor design. As mentioned earlier, the initial weight esti- 
mates, section 3.1.4, are based on SUBLAB. Now that Pm is 
known, reference [e7]’s empirical weight estimating 
relationships can be used to obtain relatively accurate weight 
estimates. (Table 1 in section 3.1.4 contains a description 
of the function of each of the weight groups.) 

Weight Group 1 

Based on the selected hull shape and NSC, the estimated 
weight from section 3.1.5 will be used. This weight includes 
the motor support structure and propeller hub as well. 
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Weight Group 2 

This weight group can be broken into four groups, nuclear 
reactor weight, radiation shielding weight, propulsion machin- 
ery, and propulsion auxiliaries. The reactor and shielding 
weight is a function of the reactor’s output power. As the 
baseline submarine design is an electric powered boat, the 
reactor plant capacity must be based on the combined propul- 
sion input power, Pins and the ship service electrical power. 
Consider the ship service load to be roughly 1.5MW. Hence; 
the required reactor output power is roughly 54 و‎ 000482 
) > 1 . 1 لما"‎ ( . 


Based on the relationships offered in section 3.2 of ref- 
erence [27], the weight of the reactor is approximately 
393tons. The weight of the shielding is approximately 
e38tons. The weight of the auxiliaries is approximately 
67tons. Lastly, the weight of the propulsion machinery, which 
consists of the propulsion motor, bearings, and propeller 
blades, is 89tons. This weight is developed using the weights 
obtained during the motor and bearing designs. See section 
3.2.2 for motor weights. The propeller weight is taken from 
Hamner's research, J.3tons. 


Weight Group 3 

Finding an accurate weight estimate for the generating 
plant for the baseline submarine design is very difficult. 
However, after reviewing a number of studies, the research 
done by Greene et al, reference [393], provides accurate esti- 
mates. Recognising differences between submarine electrical 
requirements and surface ship electrical requirements, the 
weights from this study provide the basis for the estimate for 
the baseline submarine design. The electrical plant for the 
Daseline submarine design has a Capacity of 41.1MW. The gen- 
erators of this plant, two 20.1MW generators, will have water- 
cooled stators and air-cooled rotors. This weight group must 
also include the steam turbines and condensers associated with 
electrical generation. The distribution system will have port 


and starboard (dual) power distribution switchboards. 
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Weight Group 4 
This weight is somewhat arbitrary; however, it is very 
close to the absolute weight of the command and control equip- 


ment found on contemporary submarine designs. 


Weight Group 5 
This weight is taken to be a function of the pressure hull 
size and the complement. Reference [27] develops the function 


in its section 3.95. 


Weight Group 6 

This weight is based on mostly on the crew size. Whereas 
the baseline submarine design has only one engine room (and no 
forward auxiliary machinery room) and much less equipment 
within that engineroom, the number of engineering personnel 
assigned to the baseline submarine should be less than the 
number assigned to contemporary nuclear powered submar ines. 
The complement of the baseline submarine is 1028, i2 officers, 
1g CPO's and 78 crew. This number combined with a stores 
endurance of 45 days provides an input to reference (27]'s 
section 3.6. 
Weight Group 7 

This essentially represents the weight of the torpedo 
launching and handling equipment. Whereas there has been 
little change in how this is done, a weight similar to the 
torpedo launch and handling weight from another past submarine 


will be used. 
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Table 1 - Revised Weight Estimates 
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3.7.2 Arrangements 
Given the above weights, the equipment will now be located 
so that some notion of the centers of gravity of the weight 
groups can be developed. Once these centers of gravity are 
Known, the design can be balanced, that is, the LEAD can be 
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located. Arrangements in submarine designs require drawings 
to determine the feasibility of the pressure hull size. 
Hence, initial arrangement drawings are developed. These 


drawings are shown in Figure 4 of Appendix A. 


From these drawings the centers of gravity of some of the 
weight groups are taken. Other weight groups, such as weight 
group 1, are calculated separately. Following the arrangement 
drawing is a spreadsheet that contains the centers of gravity 
of the different weight groups and their components, That 
spreadsheet is also used for the design balance discussed in 


the next section. See Table 145 of Appendix A. 


The arrangement drawing has many Similarities with modern 
submarine arrangements. It also has numerous, and signifi- 
cant, differences. The forward portion of the submarine is 
relatively conventional. The aft portion of the submarine is 


certainly the unorthodox portion of the design. 


Locating the berthing compartment in the aft portion of 
the submarine is begging for criticism. However, due to the 
nearby location of the passageway through the reactor compart- 
ment, getting to general quarters stations should not take 
overly long, especially for the engineers. Further, the 
ventilation and equipment rooms forward of the berthing area 
and hard by the reactor compartment Bulkhead will serve as 
desirable additional shielding. A valid concern will be the 
noise levels experienced above the engineroom. However, if 
the boat is well-quieted, as all good submarines should be, 


then this concern can be surmountable. 


One of the potential advantages of the baseline submarine 
propulsion motor is that it may be possible to locate a large 
payload space aft. Installing advanced acoustic sensor array 
equipment is also possible back aft. Doubtless, the specifics 
of such systems are classified and, hence, are inappropriate 
For discussion. The flexibility of the arrangements back aft, 


though, would permit inclusion of such equipment. 


Figure 3 of Appendix A contains an outboard profile of the 
baseline submarine design with the locations of the control 


surfaces included. 
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3.7.3 Baseline Submarine Balance 


This step considers all of the weights and locations of 
weight groups 1 through 7. A lead solution is obtained using 
the classic approach. The LCG of the envelope displacement 
must be located at the exact same position as the LCB of the 
hull envelope. For acceptable submerged stability, the VCG of 
the envelope displacement must be located below the VCB. This 
will produce a righting moment if the submarine rolls to one 
Side. Usually, the distance between these two points should 
be no less than one foot. Hence, the VCB is typically located 
E close to the’ submarine%s* axis. The VCG, then, should be 
no higher than 15.0ft. The weight balance sheet, Table 16 of 
Appendix à, shows that the VCG is at 14.98ft, which is accept- 
able. 


The LEAD solution is also shown on the spreadsheet, Table 
16 of Appendix A. Section 3.1.4 discusses the location of 
LEAD. Of some concern to the designer, the stability lead is 
a relatively large percentage of the total amount of lead; 
30%. The implication is that less of the lead is available as 
insurance against uncertainty in construction and future 
growth potential. The LCG of the stability lead indicates 
that it is located rather far forward. This tells the 
designer that the boat is a bit heavy aft. If additional 
design iterations were to be performed, then this could be 
addressed. It is satisfactory for this stage of the design 
effort. 


3.7.4 MBT Sizing and Location 


Section 3.1.6 dealt with the sizing and location of the 
MBT's for the initial weights and centers of gravity loca- 
tions. Whereas new values for the weights have been calcu- 
lated and new locations of the centers of gravity have been 
taken from the arrangements, so too must the size and location 
of the MBT's be refined. 


The outboard profile in Figure 5 of Appendix A shows the 
updated location of the refined MBT locations. A spreadsheet 
shows the updated MBT sizing calculations. See Table 17 of 
Appendix A. Based on these results, the pressure hull loca- 
tion is feasible. 
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3.7.9 Equilibrium Polygon and Stability 


In addition to the MBT’s, submarines also have trim-tanks. 
The role of trim-tanks is to maintain the trim and heel of the 
submarine. In effect, trim-tanks ensure that the LCG always 
lines up with the LCB and that the submarine is heavy enough 
to submerge. Developing an equilibrium polygon for the subma- 
rine design ensures that the trim-tank design is feasible. 


The standard approach used by the U.S. Navy is used to 
Getermine which weights will be included in various load con- 
ditions. For example, one particular loading is called "heavy 
forward". In this loading, all variable load items located 
aft in the submarine are assumed to be consumed. Hence, the 
boat will have a trimming moment tending to push the bow down. 
To compensate for this trimming moment, the aft trim tank must 
be capable of being filled with enough water to bring the boat 


Baek to an even trim. 


In this early feasibility study, five load conditions were 
used to test the trim tank and weight balance feasibility. 
These five conditions were, "heavy e"-He, "heavy forward 
1"—HF1, "heavy aft'"-HA, "light 2"-L2, and "normal"-N. These 
five conditions are explicitly described in reference [401]. 

On the figure below, the trimming moment caused by these five 
conditions are indicated by crosses. 


The three trim tanks, forward, aft, and an auxiliary tank 
close to the LCG of the submarine, are capable of providing 
continuously variable trimming moments. The polygon on the 
figure below encloses all of the possible trimming moments 
that can be generated by the trim tanks. The goal of the trim 
tank System is to enclose all of the possible load conditions. 
If this is true, then the trim system will be capable of com- 
pensating for any conceivable changes in the variable loads on 
the submarine. 


The variable load locations are derived using locations 
from the arrangement drawings and outboard profile. For each 
load condition, the requisite variable ballast weight and its 
LCG were computed. The trim-tanks shown in the outboard pro- 
file of Figure 5 in Appendix A provide the equilibrium polygon 
shown below. 
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The equilibrium polygon shows that the trim-tank configu- 
ration shown on the baseline submarine design is feasible and 
stable. 
3.8 Conclusion 

The baseline submarine design presented in the preceding 
sections appears to be a feasible submarine design. This con- 
clusion is based on a single iteration design. A real subma- 
rine design would go through many such design iterations before 
construction would begin. 


The baseline submarine, as described in this chapter and 
Appendix A will be the subject of the acoustic analysis devel- 


oped in the next chapter. 


104 


4 Acoustic Model 
4.1 Introduction 


Chapter 1 discusses the selection of an acoustic model that 
will be adapted to describe the acoustic emissions of the OTHEP 
propulsion system. The model selected is referred to as TFA 
(Transfer Function Analysis, or "empirical analysis"). This 
model must be modified to account for the unique aspects of 
OTHEP. This chapter develops the necessary adaptations. 


Before discussing the modifications to TFA, the forces of 
electromagnetic (EM) origin that act on the propulsion motor’s 
core, causing vibrations, will be described. Hopefully, this 
description of the EM forces could be used by structural acous- 
ticians as an excitation force in a more sophisticated acoustic 
model analysis than the adapted TFA model analysis used in this 


research. 


The EM forces will also be used to estimate the structure- 
borne noise source level of the propulsion motor. This esti- 
mate will be extremely approximate. A more accurate model 
would involve acoustic modelling techniques which are well 


beyond the scope of this research. 


After describing the forces of EM origin, the TFA model 
will be established. This model will Be used in the next chap- 
ter to compare estimated noise emissions from the baseline sub- 
marine design propulsion system with estimated noise emissions 


from several other submarine propulsion systems. 
4.1.1 Applications of the Acoustic Model 


The baseline submarine design of this research, which fea- 
tures OTHEP, can be considered to be in the very early feasi- 
bility design stage. Hence, the description of OTHEP is not 
very detailed. The weights, structures, and arrangements 
presented in Chapter 3 and Appendix A are essentially an edu- 
cated guess as to how an OTHEP submarine could be realised. 


Referring here to structural features, discussion of the 
baseline design in greater detail than plating, framing, bulk- 
heads and decks is not possible. Structural components such 
as stanchions, stringers and stiffeners Rave not been 
considered at all. Furthermore, equipment foundation designs 


and sound isolation mounting designs Rave not been developed. 
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These two items are very important to any detailed acoustic 
model of the baseline design. Structures are the predominant 
acoustic path within the submarine. 


Regarding the equipment within the baseline submarine 
design, especially the major pieces of equipment such as gen- 
erator steam turbines and condensers et cetera, much of the 
equipment is of a sort that is designed specifically for that 
particular application. Many pieces of equipment are not of 
the "off-the-shelf" variety. Hence, measured acoustic emis- 
sions data for those pieces of equipment will not exist until 
that piece of gear is designed and built. An accurate 
analytical estimate of the noise emissions for that piece of 
equipment would not be possible until a detailed design has 
been developed. 


The foregoing discussion seeks to point out that the pre- 
cise nature of the noise emissions from the source equipment 
is not known. Further, the precise nature of the path that 
that noise will take through the structure of the submarine is 
not known either. With these two facts in mind, the approxi- 
mate nature of the assessment of noise emissions attempted in 
this research is manifest. Hence, an accurate assessment of 
the precise noise emission characteristics of the baseline 
submarine will probably not be developed. What this research 
Can provide is twofold. First, it can provide an upper bound 
on the noise emission level. This indicates whether or not 
the acoustic design of the baseline submarine is "within the 
ball-park" in an absolute sense. Second, this research can 
also provide a rough comparison with other propulsion plant 
configurations. 


4.1.2 Discussion of Dominant Noise Sources for Baseline Design 


Virtually everything on a Submarine, or any vessel for 
that matter, 1s capable of making noise.--Some sources of 
noise are more ‘important’? than others. Acoustic quietness is 
a desirable characteristic for a Submarine for two reasons. 
First, in order to detect faint acoustic signals in the sea, a 
submarine must first be quiet herself. This 1s the issue of 
"self-noise". Second, in order not to be detected by other 
listeners, a submarine must not emit noise into the sea. This 
is the issue of "radiated-noise". 
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In the context of the two issues listed above, the princi- 
pal concern is with noise that is transmitted into the sea, 
travels some distance through the water, then is observed by a 
listening device. In this context, noise that propagates some 
distance through sea-water can be considered to be ‘important’ 
noise. 


The sea, as a medium, provides an upper limit on the fre- 
quency of noise that will propagate over the distances envi- 
sioned here (on the order of several kilometers). The 
dissolved chemicals within sea-water affect the absorption, or 
attenuation, of sound waves travelling through the water. 

This absorption can be roughly described as arising from a 
damped, visco-elastic response of the dissolved chemicals to 
the sound pressure waves. The absorption due to this mecha- 
nism increases as the frequency of the sound pressure wave 


increases. 


The submarine, as emitter or receiver, provides a lower 
limit on the frequency of ‘important’ noise. Listening to low 
frequency signals requires a physically extensive listening 
array. If such an array is on the order of the size of the 
submarine, then the size of the submarine provides some clue 


as to the lowest frequency of interest. 


For an indication of the upper limit on frequency, the 
following expression is taken from reference- L41]. 


AT ua” 10dB HI 


Here, q represents the absorption coefficient for the sea- 
water. a is a function of frequency» temperature» salinity; 
acidity and pressure. Taam represents the maximum propagation 
distance. For ‘nominal’? sea-water, which has a salinity of 
35ppt, a temperature of 4C, a pH of 8.0 and a pressure of 
300ATM, the a corresponding to a ranges raams Of 10km is 
roughly equal to 1, reference [1] figure 3.9. The frequency 
that corresponds to this alpha is roughly 11kHz. This, then, 
is the upper limit to the frequencies that will be examined in 
this research. 


For an indication of the lower limit on frequency, the 


following expression is also taken from reference L[41]. 
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Here Ags, represents the wavelength of the lowest frequency 
sound, fmans that can be detected on array of length Larray: 
The speed of sound in sea-water is a function of temperature, 
pressure, and salinity. It varies continuously over a wide 
range of values; however, an ‘average’ value of the speed of 
sound in sea-water, Caw, is taken to be 1500m/s. For a subma- 
rine whose length is that of the baseline design's, the maxi- 
mum array length would be approximately 67m (220ft). This 
yields a minimum frequency of roughly 22 . ۶+۱2 . 


Based on the discussion above, the frequency range of ^im- 
portant”? noise extends from roughly 22Hz to 11,000Hz. This is 
not to say that all other emissions are unimportant. Rather, 
for a submarine whose size is on the order of the baseline 
design, emitting and observing noise, this is the frequency 
range of greatest interest to this research. 


Noises whose frequency lies within the range shown above 
can come from a myriad of sources. If one is comparing two 
different propulsion schemes, perhaps OTHEP and an electric 
motor driven conventional propeller system, then many differ- 
ent acoustic emitters will have to be considered. For exam- 
ple, the control surfaces of the baseline submarine are aft of 
the propeller. For a shaft-driven propeller on the axis of 
the submarine, the control surfaces are forward of the propel- 
ler. These two configurations will have different radiated 
noise levels for noise that originates from flow variations 
across the control surfaces and noise that originates from 
flow variations at incidence with the propeller. For the 
rotational speed of the propellers, the number of propeller 
blades, and number of control surfaces for both propulsion 
systems, the noise due to the flow variations will lie within 


the range of "important" noise. 


Needless to say, it would be very difficult indeed to com- 
pare all of these potential noise sources. Hence, this 
research will be limited specifically to the noises arising 
from the forces of electromagnetic origin that lie within the 
frequency range developed above. In the comparison study, 
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only the propulsion train noises will be considered for com- 
parison. Issues pertaining to structural acoustics will be 
ignored. 


4.1.3 Acoustic Model of OTHEP 
4.1.3.1 Determination of Forces of EM Origin 


This task is based on the assumption that harmonics in 
the ‘air’-gap magneto-motive force (MMF) of the propulsion 
motor will cause time varying forces to act on the motor 
core. Any MMF wave will generate normal forces on the 
motor’s core, harmonics or not. These forces are then trans- 
mitted to the motor’s mounting and then on to the hull. The 
harmonics in the ‘air’-gap MMF will be attributable to 
winding space-harmonics of the stator, rotor-bar space har- 
monics of the squirrel-cage rotor, and time harmonics in the 
stator current due to pulse width modulation of the stator 
current. 


The approach will be to compute the MMF for the stator 
winding and rotor cage without explicitly solving for the 
currents. The currents will then be determined and subse- 
quently substituted into the respective expressions for MMF. 
Once the MMF is known, the radial magnetic field intensity 
can easily be found. Knowing the magnetic field intensity, 
the Maxwell stress tensor can be used to find the radial 
force on the motor. 


The description of the MMF will be based on the baseline 
propulsion motor design of Chapter 3, as will be the descrip- 
tion of the stator currents. Once the MMF and currents are 
specified, forces on the motor can be found. These forces 
can be converted into acceleration levels. This will permit 
the calculation of source levels for use in the simplified 
model discussed in the next section. 


4.1.3.2 Development of a Simplified Overall Model for Compar- 
1 5 


The method of predicting the radiated noise level for the 
baseline submarine is a modified version of the TFA model 
analysis developed in reference [7]. Reference [7] provides 
a method for calculating predictions of airborne noise levels 
within the ship design under consideration. Reference [71's 
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principal use is to assess compliance with various airborne 
noise level regulations, which are meant to either protect 

human operators in equipment spaces or ensure crew and pas- 
senger comfort outside of the machinery spaces. 


The method developed by reference [7] has to be modified 
to predict waterborne noise levels. Instead of airborne 
noise levels within the submarine, the chief interest of this 
research is an assessment of the noise levels radiated into 
the sea. Hence, some of the transfer functions used in ref- 
erence [7] must be adapted to describe radiation into the 


Sea. 


Only the noise sources from the propulsion train that 
will be compared in the comparative analysis will be consid- 
ered here. The goal is not to develop an absolute noise 
prediction, but, rather, to assess comparative merit. 


4.2 Description of Forces of Electromagnetic Origin 


The objective of this section is to provide a description 
of the acceleration levels within the propulsion motor. These 
acceleration levels are the structureborne noise source level 
inputs used by the TFA model. 


Finding the acceleration levels requires knowing the ‘air’- 
gap MMF, which requires knowing the winding geometry and cur- 
rents of the stator and rotor. These two issues are treated in 
the next section. 


4.2.1 Derivation of ‘Air’-Gap MMF, Including Harmonics 
4.2.1.1 Stator Winding MMF 


The first task in determining the forces of electromag- 
netic origin that act on the motor is to determine the MMF 
that 1s created by the stator winding. Many texts on the 
Subject treat this in the general sense. This research con- 
centrates on the specific configuration of the baseline pro- 
pulsion motor. 


meole 1 - Propulsion Motor Winding Characteristics 
۳ BUR AAD جج نس و‎ 1 01 01 ani ذل‎ AARNA II 6 77 1771177 اراد ار‎ FP dd PE کش وز ووو‎ ٢ 


0 Characteristic | 


۹ مارد ی ` A A AA AA A‏ هوو مین رو و یه از و ۱ 








2ټ وان IE‏ جح جد 


Stator Slots 190 

Eum 1 vv و0 و ی مه سے‎ E 
iConductors per Slot E 

| ا ی ا 
"Phases 3‏ 

Ze‏ بصنم ةر 
Pitch ES‏ 





9 1e 5: re وو ا و و ا ر وو ر سیو وو وو و مومت مه‎ RENEE REEF ادووس سا ها وو و سه موقو وو و و ریہ‎ ee 


di LS 3 


Pole Pairs 





H 
al 


Slots per Pole Pair 


© |] مجم رپا امو میچودےمومو سر ھا نم 6وہ وس سو سے ماہمیومو و بتھو نمو لیو‎ ae e D o مہو ہے‎ A S cbe ee Pomme cou oum SO Te see eus en een al 





MA Stator Fre- 
jquency | 


یم rSCF He EE 0 TER FT LEPC ERN TUR LAGE er ITI RUIT CH net Hor ene‏ هوهي موجع ولا 

The number of slots and the number of pole-pairs dictate 
the slots per pole-pair. The slots per pole-pair and pitch, 
taken together, yield the winding pattern of a single pole; 
which is shown below. 


Table 2 — Propulsion Motor Winding Pattern 
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this MMF derivation. Let a” represent the conductor width in 
mechanical degrees. The equation below shows @ in terms cf 
electrical degrees; this will be called a. (It is assumed 
here that the insulation thickness is not important in MMF 
calculations.) 
lop dM غا"‎ HI 
R op 

MMF is defined to be the current intersected by the area 
integral of the integral form of Ampere’s Law. The integral 
form of Ampere’s Law is shown below, reference [19]. 
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In equation 2, H is the magnetic field intensity vector. 
J is the current density vector. 
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Figure 1 - MMF Integral Contour and Winding Geometry 


The path of the closed line integral is shown in Figure 1 
above. The surface circumscribed by that line integral is 
the surface of the area integral on the right hand side of 
equation 2. This second integral is simply the current 
intersected by the area circumscribed by the closed line 
integral's path. Hence, MMF is described in the following 


equation. 
MMF = | مه(‎ 83 
5 
The winding pattern shown above taken in combination with 


the angular conductor width and Ampere’s Law yield the MMF 
distribution for a single pole-pair shown below. 


MMF of a-Phase Winding 


(A single pole pair is shown.) 


- 


MMF/lIa (Am pere-turns/Am pere) 


=2 


-4 -2 0 2 4 


Theta (electrical radians) 


Figure 2 - Stator Winding a-Phase MMF 
This MMF distribution can also be described using a Four- 
ier sine series. A sine series is chosen because, with the 
reference axis shown in Figure 1, the MMF distribution is an 
odd function. The Fourier representation of this MMF is 


shown below. 
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Evaluating a. using the MMF distribution in the figure 
above, yields the following expression for the Fourier coef- 
ficients of the a-phase MMF. 
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Before considering the role of current, ias in this 
expression, the a-phase MMF will be rewritten as follows. 
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This derivation of the effect of slot and winding geome- 





try closely agrees with the classic derivation of winding 
MMF’s, reference [18]. According to reference [181], equation 
B-22, for point conductors (@ = 0), and using winding factors 
for the winding geometry shown in Figure 1, and considering 
only the space fundamental frequency, n=1, the coefficient of 
the space fundamental term of the a-phase MMF follows. 


Á =- H9 


The value of A, arising from the use of equation 8 is 
shown below. The difference is roughly 153.5%. The differ- 
ence is attributable to the effect of the width of the con- 
ductor on the MMF. The method of reference [18] does not 
account for this effect. The propulsion motor does, in fact, 
have conductors of very finite width. 


_ 2 
1 


A, #10 
The expression developed here for Ans equation 8, accu- 
rately conveys the effect of winding geometry on the MMF gen- 
erated by the stator winding. Equation 7 also includes a 


current term, is, which must now be developed. 


As discussed in Chapter 3, the propulsion motor armature 
will be supplied by a variable frequency, variable voltage 
level, pulse-width-modulation (PWM) power converter. The 
current from this converter will contain the time-fundamental 
Stator frequency and harmonics of the PWM converter switching 
frequency, W, Hence, the current should be representable in 


such a form as follows. 
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As a worst-case approximation, the shape of the distor- 
tion can be approximated by a square wave of one-half duty 
cycle, with a magnitude called Iman, added to the time 
fundamental component. Hence the coefficients of the Fourier 
series representation of the current waveform can be reduced 
somewhat. Shown in the figure below is a representation of 
the square wave addition to the current waveform. An odd- 
function square wave is assumed. (Note, this is a very con- 
servative description of the distortion. A square wave of 
one-half duty cycle can carry a lot of energy.) 


Current Distortion Waveform 
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Figure 3 - Current Distortion Waveform 


The following is the Fourier sine series description of 


the distortion waveform. 
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The total current will be taken as the sum of the funda- 
mental component of the current and the distortion component 
shown above. The coefficient, Am, eliminates even time 
harmonics of the PWM switching frequency. 
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Whereas the propulsion motor is a three phase machine, 
the other two phases of the stator current can be described 


as follows. A balanced three phase system is implied here. 
2n) c 
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In equations 13-16, W. represents the fundamental stator 
electrical frequency. w, is the PWM switching frequency. دا‎ 
is the stator's time-fundamental frequency peak line current. 
Iman represents the amplitude of the square-wave distortion 
of the stator current. 


Substituting the expression for the a-phase current, 
equation 13, into the expression for the a-phase MMF, equa” 
tion 7, gives a more complete description of the a-phase MMF. 


MMF,(,,0)7 ). A,{ 1 ,c08(w,t)> ے م٤ ار‎ nGo,) s1n (28, 817 


ne} me} 


The b-phase and c-phase components of MMF will take simi- 
lar forms. 
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The preceding three expressions for the MMF of the three 
phases represent travelling waves. Combining the three sets 
of travelling waves yields the MMF due to the entire stator 
winding. The results of the combination are shown below. 
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Although somewhat complex, equation 20 contains a famil- 
lar result. The first term on the right-hand side of equa- 
tion 2O is a travelling, synchronous speed; sinusoidal 7۳ 
wave. This first term includes the non-even, non-triplen 
space harmonics. The remaining terms on the right-hand side 
of equation 20 represents the effect of the time harmonics of 


the stator currents. 


The first of the PWM switching frequency harmonic terms 
is a forward-travelling wave. The second is a reverse- 
travelling wave. The third is a standing wave. The coeffi- 
cients of the wave expressions dictate which of the PWM 
Switching frequency harmonics will participate in the various 


travelling waves. 
4.2.1.2 Rotor Cage MMF 


The first step in determining the MMF which arises from 
the current in the rotor bars is to find the magnitude of the 
current in each of the rotor bars. Reference [34] discusses 
the relationship between the results of the equivalent cir- 
cuit analysis and an actual description of currents in 
squirrel-cage rotor bars. A vital result is the relationship 
between the referred rotor current of the equivalent circuit; 
le, and the current in the reference rotor bar, ius-er, refer- 
ence [341] equation 35. 
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The expressions above describe how the time-fundamental 
frequency component of the stator current divides between the 
magnetising inductance, Ly, and the rotor impedance. B is 
the phase angle of the stator line current. For the a-phase 
current, B8 is zero. For the b-phase and c-phase currents, p 
15 -7 and = respectively. The stator time-fundamental fre- 
quency is not the only frequency which contributes to the 
Stator current. Hence, the time harmonics of the PWM 
Switching frequency must also be included. This requires 
defining two more terms. 
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Hence, if the current described By equation 4.2.1.1.13 ıs 
the input current in an equivalent circuit analysis, then the 
current shown below represents the current in the reference 
rotor bar. 
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Hence, the current in the reference rotor bar is known. 
Now the current in the other rotor bars must be found. In a 
derivation similar to that of reference [34], the current in 
each rotor bar will be phase retarded relative to the refer- 
ence rotor bar by an amount equal to the spatial displacement 
Detween the rotor bars. Let the reference rotor bar be bar 
number 1. The current in the j*" bar is shown below. 
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The goal of the following steps is to develop a relation- 
ship which describes the rotor currents as a series of trav- 
elling waves. To expedite this, complex notation will be 
adopted to ease the manipulations. Additionally, only the 
time fundamental frequencies will be considered. The current 


in the ز‎ ٨٢ bar is shown below in complex notation. 
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To find the surface current density due to the current in 
-each of the Ne bars, the current in each Bar will be summed 
and divided by the circumferential distance corresponding toa 
one rotor slot. 
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This surface current density, which is composed of Ne 
impulses, will be described using a Fourier series. The 
Fourier series that will be used is shown below. 
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As mentioned earlier, this series should include space 
and time harmonics. However, as will become apparent in the 
evaluation of an approximate source level, it is very desir- 
able to avoid excessively complex descriptions of the ‘air’- 
gap MMF. Hence, the time harmonics will be forsaken. 

The Fourier coefficients are evaluated next. The delta 
functions, upon integration, simply yield an evaluation of 


the integrand at the points where the impulse function is 
non-zero. 
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This series will now be altered to contain only positive 
indices. This is done by adding to the summed expression the 
Same expression with the signs of the indices changed. The 
case Of n=0 is considered independently. This is done to 
simplify visualisation of the travelling waves. 
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One particular issue warrants discussion at this point. 
In the equation above, the series expression which represents 
the sum over the number of rotor bars has only two distinct 
Values, Ne and O. Whether the series expression equals Ne or 
O depends upon the expression shown below. 
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If equation 22 is true, then the sum over the number of 
rotor bars equals Ne for the two different cases. The first 
corresponds to a forward travelling wave, the second a 
reverse travelling wave. These expressions act as a ‘filter’ 
which permits only harmonics that coincide with the rotor bar 
frequency, which seems intuitively correct. These terms will 
be examined later during the development of an approximate 


source level for the propulsion motor. 


Now that the surface current density due to the current 
im each of the rotor bars has been described as a function of 
rotor angle, the rotor MMF may now be developed. The method 
used here is the same as was used to determine the stator MMF 
in section 4.2.1.1. 
8 ہے‎ 
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2 دوه‎ some simplification, 
the expression below for the rotor MMF results. 
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The expression above for the rotor MMF is a complex 
expression. The real component of the expression above fol- 
lows. 
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4.2.1.3 ‘Air’-Gap MMF 


The resultant ‘air’-gap MMF is simply the sum of the sta- 
tor and rotor MMF’s. The only obstacle, at this point, is 
the variables used to describe the spatial distribution of 
the MMF. The stator MMF is given in terms of 6, and the 
metor MMF in terms of 98°. It is now necessary to relate 
these two variables. This is done through the "slip" rela- 
tionship shown below. 
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When equation 4 1s substituted into the expression for 
rotor MMF, equation 4 . 2 . 1 . 2 . و25‎ the rotor MMF end the stator 
MMF, equation 4 . 2 . 1 . 1 . 96و20‎ can be combined to yield the ‘air’- 
Gap MMF. After combination and some simplification the 
“air’-Gap MMF appears as below. 
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4.2.2 The ‘Air’-Gap Magnetic Field Intensity and Maxwell's 
Stress Tensor 


Equation 4.2.1.3.5 describes the ‘air’-gap magneto-motive 
force that is developed by the stator winding and rotor cage 
of the propulsion motor. Using this MMF, the radial force on 
the motor core can be calculated. This radial force will 
comprise the basis of the structureborne noise source level 
estimates for the propulsion motor. Tangential, or circumfer- 
ential, forces act on the conductors of the rotor and stator; 
however, the transmission of these forces to the motor core is 
not simple to analyse. Consequently, only radial forces on 
the motor core are considered. This is not an overly restric- 
tive assumption given the nature of the propulsion motor. The 
stator and rotor of the propulsion motor are thin cylindrical 
shells. Hence, it is not entirely inaccurate to be chiefly 
concerned with radial forces. As a consequence, the circum- 
ferential, or "thrust", forces are ignored. 
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To find the force on the motor core due to the “air’-gap 
MMF, the description of the electromechanical stress tensor 
given in Chapter 3 of reference [19] will be used. Einstein’s 
summation notation is used in these equations. The electrome- 


chanical stress tensor follows. 


1 
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The force arising from this stress tensor is described by 
the following integral equation. 
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In the preceding equations, F, represents the component of 
force density in the it" direction. T,, is the component of 
the stress tensor in the it^ direction on the component of the 
face of the closed surface perpendicular to the j*" axis. Ha 
and B. represent the components of the magnetic field inten- 
sity and magnetic flux intensity, respectively, in the n*" 
direction. 6, represents the Kronecker delta function. 
Lastly, n, and da correspond to the component of the normal to 
the closed surface of integration in the j*" and the area of 
the closed surface of integration respectively. 


For the present, chief interest will be in the force den- 
sity, F,. To examine this force density, the stress tensor 
must be evaluated within the motor core and the ‘air’-gap. To 
simplify this process, two assumptions will be made. The 
first assumption is that, compared to the ‘air’-gap, the motor 
core is infinitely permeable; therefore, the magnetic field 
intensity within the motor core is zero. The second assump- 
tion is that the magnetic field intensity within the ‘air’-gap 
is entirely oriented in the radial direction. Using these two 
assumptions and cylindrical coordinates, the components of the 
resultant stress tensor follow. 


T, 7 H,B,- 28 لم‎ 83 


1 
۲, 1,۵۱ MCE Mi H.A) H4 


124 
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In light of the second assumption made regarding the 
‘air ’~gap magnetic field intensity, only T- is significant. 
Furthermore, the linear relationship between the magnetic 
field intensity and magnetic flux density will be used to sim- 


plify the expression for T... This expression is shown below. 
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The surface over which this integration will be performed 
must now be specified. Figure 1, below, shows the surface of 
this integration. Two surfaces are actually shown, one from 
within the rotor, the other from within the stator. The 
resultant force on the motor will be the same. 


In subsequent calculations, equations 15, 16, and 17, a 
surface force density is actually what is found. 
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Here, Fear is the surface force density. f. 15 a 
z-directed force. Ax Ay represents a vanishingly small area. 
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This relationship is true for strictly orthogonal coordi- 
nate systems. Hence, it would seem that use of cylindrical 
coordinates would be inappropriate. However, two 
considerations mitigate this. First, use of cylindrical coor- 
dinates will yield the correct result because Ax and Ay are 
taken in a limit that approaches zera.--The dimension 
vanishes. Second, the ratio of motor radius to pole-length in 
the case of the propulsion motor is so large that it approxi- 
mates strictly orthogonal coordinates over the length of one 
pole. 
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Figure 1 - Surface of Integration for Evaluation of the Stress 


Tensor 


To evaluate equation 6, or 128, now requires knowing H.. 
Thıs, though, has already been computed. Equations 4.2.1.1.2 
and 4.2.1.1.3 provide the means to calculate H.. 


11 ۰ 9 MMF مدرد‎ 813 


Evaluation of this expression is simple because the ‘air’- 
Gap MMF was calculated in the preceding section; equation 
Em 1.3.25. 
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Substitution of this expression into equation 6 provides 
the integral which must be evaluated to determine the radial 
force acting on the motor core. 
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From Figure 1, da is simply the surface area of surface 
number 3. An expression for the differential area is shown 


below. 
da - L,,Rd6, #16 
fej E, dV = 1 اتب ا‎ 417 
a 20 20 
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This is the desired result.--The radially directed force 
on a segment of the motor core can be calculated as a function 
of time. f, represents the radially directed force on the 
segment of the motor core taken in the surface integral shown 
۲۲۱ Figure i. 


4.2.3 Using the Forces as Input to Acoustic Analysis 


Equation 4.2.2.18 describes the force on a segment of the 
motor core as a function of the ‘air’-gap MMF. Hence, this 
expression provides the required input to a very sophisticated 
acoustic analysis model. Evaluation of equation 4.2.2.18 pro- 
vides the force on the motor core as a function of time.-- 
Included in the resultant description of excitation forces are 
magnitude and phase relationships. 


Equation 4.2.2.18, though correct given the underlying 
assumptions, is not very practical to use. The expression for 
the ‘air’-gap MMF, equation 4.2.1.3.5, 15 an infinite series. 
Equation 4.2.2.18 involves squaring an infinite series. 
ko ough judicious selection of the circumferential extent of 
surface number 3 in Figure 4.2.2.1, orthogonality of the spa- 
tial harmonics will reduce some of the cross terms resulting 
from squaring the expression for the ‘air’-gap MMF. 
Nonetheless, all of the cross terms involving the time harmon- 
ics in the expression for the ‘air’-gap MMF will remain. 


In the next section, an estimated structureborne noise 
source level for the propulsion motor will be developed. This 
estimation is meant only to provide a quick, simple survey of 
the dominant noise sources. Hence, many of the cross terms 
arising from the squaring of the infinite series can be 
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ignored. If the results of equation 4.2.c2.18 are to be used 
in a sophisticated acoustic analysis, then more terms will 


have to be retained than will be in the next section. 


Two criteria will be used to eliminate terms so that 
4.2.2.18 can be evaluated. The first criteria is to eliminate 
any terms from the expression for the ‘air’-gap MMF whose tem- 
poral frequency lies outside of the frequency range of "impor- 
tant" noise discussed at the beginning of this chapter. This 
criteria ignores the effect that multiplying sinusoidal 
functions has on frequency. Namely, the product of two sinu- 
soidal functions is the sum of a sinusoidal function, whose 
frequency is equal to the sum of the frequencies of the terms 
being multiplied, and another sinusoidal function, whose fre- 
quency is equal to the difference of the frequencies of the 
terms being multiplied. In a more accurate analysis, this 


criteria should be modified. 


The second criteria that will be applied will involve the 
magnitude of the harmonic terms. All terms of a series fol- 
lowing the last term which is greater than or equal to one- 
half of one percent of the fundamental term will be neglected. 
This criteria may not seem to be too judicious; however» in 
squaring the magnitudes, the error involved in neglecting such 
small terms grows even smaller. Once again, in a more accu- 


rate analysis, this criteria should be modified. 


When considering which terms from equation 4.20.20.18 to 
keep and which to discard, many different considerations 
arise. Namely, what are the frequencies for which the acous- 
tic analysis is most accurate? What is the range of "impor- 


tant" frequencies? These are just two of many concerns. 
4.2.4 Estimated Baseline Propulsion Motor Source Level 


The two criteria discussed in the preceding section are 
applied to the expression for ‘air’-gap MMF, equation 
4.2.1.3.5. The first criteria eliminates the time harmonics 
which lie outside the range of "important" noise developed in 
section 4.1.20, that is, greater than 11۳6۳2 ۰ Any terms whose 
time dependence is described by rw, will only be considered up 
to the term corresponding to n equal to 367 because any term 
with a frequency greater than 367 times 30Hz is beyond the 
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LikH2 upper bound. While this may not seem to be much help in 
eliminating the number of terms to be carried around, the term 
including the sum over the number of rotor bars multiplies the 
terms with the stated time dependence.--Only five terms could 


possibly be included. 


Any terms whose time dependence is described by mw, will 
be considered through the term with m equal to 4. Any terms 
whose time dependence 1s described by msw, will only be con- 
sidered up to the term corresponding to m equal to 219. As in 
the preceding paragraph, the terms with the msw, time 
dependence are multiplied by the rotor bar "filter" term, thus 
reducing the number of terms to be considered. 


When the second crıteria from the preceding section 15 
applied, the number of terms which must be carried around is 
decreased even more. Terms multiplied by A. drop to less than 
one-half of one percent of A, for n greater than 19. (Do not 
forget than A, is zero for even and triplen terms.) Terms 
multiplied by Am, which is zero for even values of m, drop to 
less than one-half of one percent of Aim for m greater than 
199. Terms multiplied by al ك|‎ drop to less than one-half 
of one percent of the value corresponding to n equal to one 





for n greater than 23. 


After imposing all of these constraints on the indices; 
the following expression for ‘significant’ ‘air’-gap MMF 


results. It contains 34 terms. 
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Whereas the method of the TFA model is principally con- 
cerned with describing forces within a frequency spectrum, the 
Eun OSD MME Gescribed above i5 averaged over one pole. The 
resultant ‘averaged’ MMF can then be squared and subsequently 
multiplied by the ‘air’-gap surface corresponding to one pole 
to yield the force on one pole of the motor core. 


After taking the spatial average of the ‘air’-gap MMF over 
one pole, only time-dependence remains. Taking the average of 
equation 1 yields 24 terms with distinct frequencies. These 
terms are shown in the table below. To square the ‘air’-gap 
MMF, these terms are multiplied as in a nested summation. See 
the expressions which follow the table. 
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Table 1 - MMF Terms Included in Source Level Estimate 
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when this expression is evaluated, some 576 terms result. 
Taking the magnitudes of the resultant sinusoidal functions 
and grouping them into the octave bands used in the TFA model 
described by reference £7] and subsequently multiplying those 
summed magnitudes by the appropriate parameters shown in equa- 
tion 4+ . 2.2.18 yields a force spectrum. This force spectrum 
must then be converted into an acceleration level in the motor 
core in order to provide the structureborne noise source level 


required for the TFA model. 


Converting force levels into acceleration levels requires 
being able to describe to some degree how the motor core 
structurally responds to the forces applied to it. Hence, a 
structural model of the motor core is used to provide the 


acceleration response to the force level. 


The structural model used to determine the acceleration 
levels of the propulsion model is a simple model. The motor 
COre is considered to be a simply supported flexural beam. 
The mid-span displacements are taken to provide the accelera- 
tion levels. Furthermore, to account for the sea-water which 
surrounds the motor core the mid-span of the flexural beam is 
supported by a spring whose spring constant is based on the 
Dulk modulus of sea-water. Additionally, the added-mass 
effect of the motor core accelerating sea-water is included. 
The figure shown below represents the model used to determine 
the acceleration response of the motor core. 


1-2 








Figure 1 - Structural Model of Motor Core 


The equation of motion for the mid-span of the structural 
model is shown below. The equation ignores damping.--It 
assumes small deflections so that rotational inertia can be 
neglected. Only the displacement at mid-span is considered. 
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Whereas harmonic functions are being considered here, the 
expression above can be solved for the acceleration at mid- 
span. Magnitudes of the response are of chief interest in 


this stage. Hence, phase information is forsaken. 
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The mass, M, represents the mass of one-half the circum- 
ference of the motor core. The added mass, m,, is calculated 
using methods from reference L[311.--Using the slender body 
assumption, the two-dimensional added mass coefficient for a 
rectangular shape is multiplied by its length. The relation- 
ship between force and the displacement due to flexure of the 
motor core, k.«i.»,.» is described by reference [49]. The spring 
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constant of the sea-water is taken to be a linear function of 
the bulk modulus of elasticity of sea water, Kamm inea- These 


relationships are shown below. 
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In the expressions above, E represents the modulus of 
elasticity. leare represents the moment of inertia of the 
motor core. Lpeare represents the circumferential length cor- 
responding to one pole. 


The fact that one pole of the motor core is immediately 
adjacent to another pole, which is vibrating with opposite 
phase, will have an effect on the radiated sound power level. 
This effect is due to cancellation. By computing, in the far 
field, the radiated sound power level of a vibrating sphere 
and comparing it with the radiated sound power level of two 
spheres, in close proximity, with opposite phase angles, the 


amount of energy lost through cancellation can be found. 


When this calculation is carried out using the relation- 
ships developed in Chapter 2 of reference [411], the differ- 
ences in the radiated sound power level are obvious. There is 
a pronounced frequency dependence on the difference in sound 
power levels. In fact, the distance between the spheres will 
determine at which frequency the sound power levels of the 
spheres will be additive. 


Since the effect of having poles with opposite phase 
angles in not purely a source level effect, the cancellation 
effect described above will be added to the source levels. 


The sum is called the effective source level, L.=rr- 


Table 2 - Dipole Cancellation Effect 
( dB) 
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Computing expressions 7, 8, and 9 above, then substituting 
them into equation 6 yields the estimated acceleration level 
of the motor core. Once the acceleration level is known, the 
structureborne source level for the propulsion motor can be 
calculated. See equation 4.3.1.2 in the next section of this 
chapter for a discussion. The table below shows the resultant 


structureborne noise source level for the propulsion motor. 


Table 3 - Structureborne Noise Source Level for the Propulsion 
Motor 
ان‎ FE 10U EMS) 


Octave Band Center Frequency (Hz) 
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The shape of this spectrum of source levels appears to be 
plausible. The sharp spike in the 2OOOHZz octave bank is due 
to the very conservative evaluation of the harmonic content of 
the stator current.--The magnitude of the square wave distor- 
tion is very large in this instance. While this motor may 
seem noisy compared to the levels given in reference [7], it 
is a very large motor. Furthermore, no design features have 
been included for the purpose of reducing noise.  Conse- 
quently, the source levels shown above can be interpreted toa 


represent something of the very worst case analysis. 


A small factor to account for the damping of vibrations in 
the motor due to the epoxy encapsulation between laminations 
is included. Any reduction in magnitude due to phase rela- 
tionships is ignored except for the adjacent pole cancellation 
effect. The fact that no noise is radiated in the 8000Hz 
octave band represents the effect of eliminating harmonics 
prior to calculation of the square of the "^air"'-gap MMF. 
Bearing in mind that the source levels shown above are very 
approximate, those source levels are used in the comparative 
analysis. Hence, any results arising from the use of these 


source levels shouid be viewed with some degree of skepticism. 


es 


6.3 Description of the Simplified Comparison Model 


Reference [7] is a design guide which seeks to compute air- 
borne noise levels at various locations throughout a ship. The 
ultimate goal is the determination of whether or not various 
noise criteria are met throughout the ship. To accomplish this 
prediction, reference [7] uses transfer function analysis to 


relate noise source levels to radiated, airborne noise levels. 


The method of TFA used by reference [71] is simplified in 
the sense that it ignores phase relationships. When discussing 
transfer functions what is usually meant is a function, which 
when multiplied by some input, yields an output. Generally, 
transfer functions contain a phase shift as well as a magnitude 
amplification factor. TFA ignores the phase relationships. 

TFA uses decibels in manipulations. Hence, where using trans- 
fer functions usually involves complex multiplication, TFA 


involves addition and subtraction of decibels. 


The TFA described by reference [7] distinguishes between 
airborne and structureborne noise. Airborne noise sources are 
characterised by a sound power levels Ly. See equation 
IOI. vibrating machine, an airborne noise source, radi- 
ates sound through the generation of pressure waves. The air- 
borne noise level inside of a space depends upon several 
factors, the strength of the noise sources, the relative 
locations of the sources, and the acoustic characteristics of 
the boundaries of the space. Hence, it would be difficult to 
characterise an airborne noise source in terms of a "loudness', 
Or sound pressure level, independent of the space into which it 
radiates. Instead, airborne noise sources are described by the 
rate at which they transmit acoustic energy, the sound power 


level. 


Structureborne noise sources are characterised by accelera- 
tion levels, La. See equation 4.3.1.2. A vibrating machine 
will cause vibrations in the structure to which it is attached. 
It is easier to measure the accelerations set up by vibrating 
machinery than it is to measure the acoustic energy transmitted 
into the structure to which the structureborne noise source is 
attached. Hence, TFA describes airborne noise sources in terms 
of sound power level and structureborne noise sources in terms 


of acceleration level. 
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This research is chiefly concerned with sound that is 
radiated into the sea. Characterisation of airborne noise 
sources by a sound power level obviates the need to describe 
how machinery vibrations are converted into sound radiated into 
the air. A relationship between structureborne noise and 
radiated sound must be developed, though, because acceleration 
levels within a structure reveal nothing of loudness without 
consideration of geometry and medium. 


Noise is not transmitted directly from a noise source into 
the sea. It must travel from the noise source, within the 
submarine, to the sea, which, hopefully, is outside of the sub- 
marine's hull. Airborne noise within the engineroom, caused by 
all of the equipment which operates in the engineroom, is 
transmitted to the hull and then into the sea. Transfer func- 
tions which describe the attenuation, or amplification, of the 
airborne acoustic noise must be used to relate the sound 
pressure level in the engineroom to the acceleration level in 
the hull structure and then on to the sound power radiated into 
the sea. 


Structureborne noise must travel from its source, a piece 
of machinery, through the machinery?'s mounting, to its founda- 
tion, through hull structure, to the location where the sound 
is radiated into the sea. Hence, transfer functions which 
describe the transmission of vibration 1) through the machinery 
mounting, 2) through the machinery foundation, 3) through hull 
structure, and 4) into the sea, are needed. See equation 
I.1. 


The prediction of radiated noise is arrived at by using the 
following relationship. It is based on both empirical data and 
analytic analyses of hypothetical structures. 


Ly= > E 1 TE plada TE structure * LF aad 81 


In this expression, Ly represents the radiated sound power 
level. با‎ represents the acceleration source level for a par- 
ticular piece of equipment. The transfer functions of the var- 
ious acoustic transmission path components tell of the effect 
of the path on noise propagation. This expression is slanted 
towards an analysis of structureborne noise, which is the prin- 
cipal interest of this research. 
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Since reference [7] is principally concerned with airborne 
noise, the transfer function relating the hull acceleration 
level to sound radiated into the sea is not considered. This 
transfer function, Tresararianm » 15 developed in section 
4.3.2.1.4. The development of that transfer function provides 
a good description of the relationship of TFA to actual pres- 
sure fields and structural dynamics. It also points out the 
nature of the sound pressure level and acceleration level and 
how phase information is ignored. 


Reference [£7] provides noise source levels that are based 
on empirical relationships which are derived from acoustic mea- 
surements of existing equipment. The transfer functions 
describing mountings, namely isolation mountings, and 
Foundations deal with very generalised descriptions of those 
components of the acoustic transmission path. Here too, empir- 
ical data is used. The transfer functions are based on charac- 
teristics of isolation mounts and foundations that have been 
Duilt and tested. The transfer functions describing the 
transmission of acoustic noise through the ship's structure are 
Dased on typical ship construction features. 


Reference £7] breaks the frequency spectrum into 9 fre- 
quency bands. These bands are called octave bands. They are 
identified by their center frequency. The different bands are 
used to provide the description of noise emissions with some 
notion, however rough, of frequency content. 


All of the reference quantities and nomenclature of refer- 
ence [7] are used in the following adaptation of the TFA model. 
All of the calculations involved with the TFA model are 
logarithmic operations. 


4.3.1 Development of the Model Sources 

The model from reference [71 distinguishes between air- 
borne and structureborne noise sources in its characterisation 
of the source's strength. Airborne sources are characterised 
Dy sound power levels.  Structureborne sources are character- 


ised by acceleration levels. Sound power level and accelera- 
tion level are described below. 


W 
Lu = 1010| | dB re W, 81 
0 
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W represents the sound power generated by the source in 
Watts. For reference [7]; We is taken to be 10-*^"W, 


۷ | dB re a, #2 


a represents the acceleration level of the structureborne 
noise source in cm/s“. For reference [7], a. is taken to be 


10-Scm/s*, 


The only sources of noise that will be considered during 
this comparative analysis will be those noise sources which 
are present in each of the alternative designs and not in the 
others. This limits the scope of the noise sources to be 
considered to propulsion system sources. Whereas all of the 
variants for the comparative study will be nuclear powered 
with identical nuclear steam generation plants, this source of 


noise will not be examined. 
4.3.1.1 Propulsion Steam Turbine Source Levels 


One of the variants in the comparative analysis will be 
the standard steam turbine driven propulsion plant. Refer- 
ence [71], sections 6.2.2 and 6.3.28, offers airborne and 
structureborne emission characteristics of propulsion steam 
turbines. These are shown below. 


The airborne noise characteristics of propulsion steam 
turbines are shown in the table below. Reference [7] indi- 
cates that propulsion steam turbines emit roughly the same 
noise independent of power rating. 

Table 1 - Airborne Noise Source Levels 
for Propulsion Steam Turbines 
(in dB reae 107*=W) 
This table is taken from reference [7] 
page 6-10. 


Octave Band Center Frequency (Hz) 
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According to reference [7], the structureborne noise 
characteristics of the propulsion steam turbines are domi- 
nated by the reduction gear that it drives. Hence, the 
reduction gear structureborne noise source level will be 
taken as the structureborne noise source for the steam 


turbine/reduction gear combination. 
6.3.1.2 Reduction Gear Source Levels 


The steam turbine-driven variant for the comparative 
analysis will use reduction gears to drive the propeller 
shaft. Hence, its noise source level characteristics will be 
given. 

The baseline airborne noise source level for reduction 
gears is a function of the power and speed of the reduction 
gears. The expression for this baseline airborne noise level 


is shown below, reference [7] equation 6-13. 
Lqyg = 69*3.41og(hp)*3.4log(rpm) | dB re 10 "Ww Hl 


To this baseline noise source level are added octave band 
adjustments to account for variations in source level over 
the frequency spectrum. The octave band adjustments are 
shown in the table below. 

Table 1 - Octave Band Adjustment (in dB) for 
Baseline Reduction Gear Source 
Airborne Noise Source Level 
This table is taken from reference [7] 
page 6-17. 


Octave Band Center Frequency (Hz) 
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The baseline structureborne noise source level for 
reduction gears is a function of the rated power of the 
reduction gears. The expression for this baseline structure- 
borne noise level is shown below, reference [71 equation 
5-28.: 


Las =47+10log(hp) dB re D H2 
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To this baseline noise source level are added octave band 
adjustments to account for variations in source level over 
the frequency spectrum. The octave band adjustments are 
shown in the table below. 

Table 2 - Octave Band Adjustment (in dB) for 
Baseline Reduction Gear Source 
Structureborne Noise Source Level 
This table is taken from reference [71] 
page 6-40. 


Octave Band Center Frequency (Hz) 
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4.3.1.3 Ship Service Turbo-Generators Source Levels 


A a antes tor the comparative analysis will use 
ship service turbo-generators (SSTG’s). The ratings of the 
SSTG’s, though, will change between variants. The electric 
drive variants will have SSTG’s that are capable of generat- 
ing power on the order of the propulsion load. The steam 
turbine-driven variant will have SSTG’s large enough for the 


Service load only. 


The baseline airborne noise source level for SSTG’s is a 
function of the power rating. The expression for this base- 
line airborne noise level is shown below, reference [7] equa- 
tion 6-14. 


dB re 10 "Ww 81‏ 017 0109 +60 2 وب] 


To this baseline noise source level are added octave band 
adjustments to account for variations in source level over 
the frequency spectrum. The octave band adjustments are 
shown in the table below. 
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Table 1 - Octave Band Adjustment (in dB) for 
Baseline SSTG Source Airborne 
Noise Source Level 
This table is taken from reference [7] 
page 6-18. 
Octave Band Center Frequency (Hz) 


R———————————————————SSa———U‏ يوو ه دو هې ړ هه مه ۰0 هې موم وهم د هدمه مچندوده ووو ۵ ۵۵0 0 ۶ مو موه ١۰ک‏ مدعو هې د مه مو وو 


Description هواك‎ 63 tao لته‎ 00 1000 2000 4000 8000 
| Add 20 1 


ہے 


| 
| | 
¡Static Exciter 2 7 8 12 10 10 1 1 6 5 | 
¡Dynamic ٣ NEC هذا 7 1۳ ۸ 1 دز‎ | 
Exciter | 
/ i 


ee A Dee اا‎ ls en 


The structureborne noise source level for SSTG's is 
dominated by the electrical generator that is driven by the 
Steam turbine, reference [71]. Hence, the structureborne 
noise of an SSTG set will be calculated by computing the 
structureborne source level for the generator. The genera- 


tor’s structureborne source level will be developed later. 
4.3.1.4 Pump Source Levels 


The OTHEP propulsion system requires that a large volume 
of sea-water be circulated through the free-flooding space 
surrounding the motor. While the pressure differential that 
the pump which supplies this sea-water must overcome is not 
great» the capacity is large. Hence, this pump will be 
included in the acoustic comparison. In addition to the pump 
itself, the motor or turbine that drives the pump must be 
included, reference [7] page 6-18. The other variants of the 
comparative analysis will require that pumps for cooling and 
lubrication be included in the radiated noise prediction cal- 


culations. 


The baseline airborne noise source level for pumps is a 
function of the power rating of the drive motor and the speed 
of the pump. The expression for this baseline airborne noise 
level is shown below, reference [7] equation 46-15. 


-12 


19*10log(Ap)-* ISlog(r pm) dB re 10 W Al‏ وپ1 
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To this baseline noise source level are added octave band 
adjustments to account for variations in source level over 
the frequency spectrum. The octave band adjustments are 
shown in the table below. 

Table 1 ~ Octave Band Adjustment (in dB) for 
Baseline Pump Source Airborne 
Noise Source Level 
This table is taken from reference [7] 
page 6-19. 


Octave Band Center Frequency (Hz) 
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The baseline structureborne noise source level for pumps 
is a function of the rated power of the drive motor. The 
expression for this baseline structureborne noise level is 
shown below, reference [7] equation 6-29. 


L,=60+10log(Rp) dB re 1 #2 
To this baseline noise source level are added octave band 
adjustments to account for variations in source level over 
the frequency spectrum. The octave band adjustments are 
shown in the table below. 
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Table 2 - Octave Band Adjustment (in dB) for 
Baseline Pump Source Structureborne 
Noise Source Level 
This table is taken from reference [7] 
page 6-41. 
Octave Band Center Frequency (Hz) 
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4.3.1.5 Electric Motor and Generator Source Levels 


All of the variants for the comparative study will use 
generators. The electric drive variants will also have large 
propulsion motors. Additionally, the drive motor for the 
sea-water circulation pump for the OTHEP free-flooding space» 
as well as all of the other pump drive motors» will be taken 
to be an electric motor. The source levels for the electric 
machinery are developed here. The source level for the OTHEP 
propulsion motor is developed in the preceding section, sec- 
tion 4.2.4. 


4.3 ۰1 . 5 . 1 Generator Source Levels 


The baseline airborne noise source level for electrical 
generators is a function of the power rating and the speed. 
Static excitation is assumed here. The expression for this 
Daseline airborne noise level is shown below, reference [7] 


Emuation 6-17. 
Lug734*101og(KW)*7log(rpm) dB re 7 Hl 


To this baseline noise source level are added octave band 
adjustments to account for variations in source level over 
the frequency spectrum. The octave band adjustments are 


shown in the table below. 
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Table 1 - Octave Band Adjustment (in dB) for 
Baseline Generator Source Airborne 
Noise Source Level 
This table is taken from reference [7] 
page 6-24. 


Octave Band Center Frequency (H2) 
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For dynamic exciters, an additional 5 dB must be added to 
the octave band which will contain the exciter slot 
frequency, reference [7] page 6-24. 


The baseline structureborne noise source level for elec- 
trical generators is a function of the rated power and speed 
of the generator. The expression for this baseline 
structureborne noise level is shown below, reference [7] 


equation 6ó-3e. 


L,p=42+10l0g(kW)+7log(rpm) dB re 10777 82 
To this baseline noise source level are added octave band 
adjustments to account for variations in source level over 
the frequency spectrum. The octave band adjustments are 
shown in the table below. 
Table 2 - Octave Band Adjustment (in dB) for 
Baseline Generator Source 
Structureborne Noise Source Level 
This table is taken from reference [7] 
page 6-44. 
Octave Band Center Frequency (Hz) 
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Drip-proof, totally enclosed motors are assumed here. The 
expression for this baseline airborne noise level is shown 
below, reference [7] equation 6-18. 
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To this baseline noise source level are added octave band 
adjustments to account for variations in source level over 
the frequency spectrum. The octave band adjustments are 
shown in the table below. The allowance for drip-proof 
enclosures, reference [71] page 6-25, has been included. 

Table 1 - Octave Band Adjustment (in dB) for 
Baseline Motor Source Airborne 
Noise Source Level 
This table is taken from reference [7] 
page 6-24. 


Octave Band Center Frequency (Hz) 
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The baseline structureborne noise source level for 
electrical motors is more easily given in the form of an 
envelope which the motor is not likely to exceed. The table 
showing the limit of this baseline structureborne noise level 
is shown below, reference [7] table 6-41 and 6-42. 

Table 2 - AC and DC Electric Motor 
Structureborne Noise Source Levels 
(dB re 107?cm/s*) 
This table is taken from reference [7] 
page 6-44. 


Octave Band Center Frequency (Hz) 
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4.3.2 Transmission Path Models 


Reference [7] was developed principally to determine air- 
borne noise levels in an effort to detect spaces where noise 
was a problem from the perspective of concern for the hearing 
of humans in those spaces. Hence, reference [71] spends a lot 
of effort discussing airborne noise paths. The comparative 
analysis being developed in this research is not so concerned 
with airborne noise paths. 


Two noise paths will be considered in the comparative 
acoustic analysis. The first path is the airborne to structu- 
reborne path. In this path, airborne noise is transferred to 
the structure. The second path is a wholly structureborne 


path. 


Each of these paths involves transfer functions which 
account for losses differently. Hence, the effect of the 
paths on the transmitted noise will be developed separately. 


The goal for each path will be to develop a transfer func- 
tion which when subtracted from the structureborne source 
level provides an acceleration level at the radiation 
location. The transfer function (or transmission loss) for 
each portion of the path is added arithmetically, then the sum 


1 5 subtracted from the source level. 
4.3.2.1 Structureborne Noise Transmission 


The source levels given in section 4.3.1 are for the 
respective pieces of equipment independent of the foundations 
Or mountings upon which they sit. Here the path that the 
noise takes, from the piece of equipment through the attach- 
ments, the foundation, the ship's structures and to the loca- 


tion of hull radiation, will be characterised. 


The path from a noise source to its point of radiation 
must be considered for each noise source. Since the path 
Corresponding to each source can be different, the means to 
calculate a transfer function which describes a particular 
path must include provisions for all of the possible segments 
of that path. Hence, this section considers separately the 


transfer functions for the different path components. 
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Consider the following example. Suppose the structure- 
borne noise from a motor travels 1) through the mount which 
attaches the motor to its foundation, 28) through the motor’s 
foundation, 3) along a segment of deck plating, 4) around a 
909 joint into bulkhead plating, 5) along the bulkhead plat- 
ing, and 6) to the hull plating where it is radiated into the 
sea. In this instance, the transfer function of the entire 
structureborne path will be the sum of the six given path 
components. Accordingly, this section offers the transfer 
functions for mountings, foundations, hull structures (plat- 


ing, stanchions, and junctions) and radiation into the sea. 
4.3.2.1.1 Machinery Attachments 


These components comprise how the piece of equipment in 
question is attached to its foundation. The attachments can 
amount to hard mounting or can include different types of 
sound isolation. The desired transfer function relates the 
acceleration level of the source equipment to the vibration 
level it produces in the top of the foundation. 


Prior to discussion of the transfer function for the dif- 
ferent mounting methods, reference [7] discusses how equip- 
ment is categorised according to weight. Class I includes 
equipment that weighs less than O.45tons (10001bs). Class II 
equipment weighs between 0.65 (10001bs) and 4.66tons 
(10,0001bs). Class Ill equipment weighs more than 4 . 45 2+5 
(10,0001bs). The weight of a piece of equipment, in large 
part, dictates the type of mounting that can be used. 


Reference [71] also discusses the two categories of foun- 
dations. Type A foundations are relatively light, pipe foun- 
dations. Type B foundations are heavier, plate foundations. 


The class of equipment will invariably have an effect on 
which type of foundation is used. The table shown below 


gives the transfer function for hard mounted machinery. 
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Table 1 — Transfer Function for 
Hard Mounted Machinery (in dB) 
This table is taken from reference [7] 
page 7-47. 


Octave Band Center Frequency (Hz) 





E ription 31.5 63 125 250 500 1000 2000 4000 8000 
IFT / MC 

la 1 b 6 b b b 6 6 b 6 
۲ 11 5 4 4 4 4 2 4 4 4 
LEE INN NEIN LU E cu sS 
E 11 9 7 6 5 5 5 5 5 5 
E III 5 4 3 3 3 3 3 3 3 


Foundation Type MC = Machinery Weight Class 


n 
4 
1 


Machinery in submarines is rarely hard mounted to the 


hull. Reference [7] discusses three types of isolation mount- 


ings. The first type is high-frequency isolation mountings. 
The second type is low-frequency isolation mountings. The 
third type is two-stage isolation systems. Each type of 
mounting has its transfer function developed separately. 


High frequency isolation mountings are usually distrib- 
uted mountings. That is, the equipment rests on pads of 
material that has flexibility and damping appropriate to 
reduction of high frequency vibrations. These mountings are 
called distributed isolation material (DIM) pads. Their 


transfer function is shown in the table below. 
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Table 2 - Transfer Function for 
DietrabuteswmItobation Material Mounts (in dB) 


This table is taken from reference ] 











page 7-48. 
Octave Band Center Frequency (Hz) 
ee لم 757 مم سی ہین‎ ۰ 40992220 
Description 31.5 43 125 250 500 1000 2000 4000 8000 | 
f / MC | 
۵ I b 5 b 7 8 9 10 10 10 | 
۵ 11 5 2 2 4 4 4 5 5 8 | 
iB I 13 11 9 8 10 5 5 15 15 | 
E 11 9 7 E 2 8 8 9 10 — 10 | 
5 111 5 4 3 2 3 3 4 5 8 | 


FT = Foundation Type MC = Machinery Weight Class 


Low frequency isolation mountings are sometimes called 
resilient mounts. These mounts are designed to isolate the 
vibrations of a specific piece of equipment. The isolation 
mount design takes into account the weight of the mounted 


system and the stiffness of the mounts. 


These low frequency isolation mounts are essentially 
oscillatory systems described by second order equations of 
motion. Hence, they possess a natural frequency. Were the 
mount to be excited by vibrations at a frequency close to the 
natural frequency of the mount, then the mount may very well 
amplify the vibrations. Hence, it is vital to know the fre- 
quencies of vibration of the piece of equipment to be mounted 
and the natural frequency (or resonance frequency) of the 
total system before a transfer function can be developed. 


It is possible, though, to characterise low frequency 
isolation mountings. Reference [7], section 7.3.1.3, indi- 
cates that for typical shipboard systems, the resonance fre- 
quencies of the mounted systems are less than 15Hz. Hence, 
the table shown below will provide transfer functions for low 


frequency isolation mounts. 
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fens 3 = Transfer Function for 
Low-Frequency Mounts (in dB) 
This table is taken from reference [7] 


page 7-49. 


Octave Band Center Frequency (Hz) 


۰ نمس مهو مهه ee‏ 


٣۲2391۰290300 1000 2000 4000 0‏ ده 21:32 ا ا 


i 
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FT / MC | 
۵ 1 9 14 20 23 25 235 25 235 5 | 
| 6 1 4 8 12 u vo 280 20 20 ۱ 
E i ٹہ‎ 50 30 30 36 #30 30 30 ۱ 
IB II 12 16 20 23 25 25 25 جج‎ es | 
8 111 8 12 13 14 15 18 20 20 20 | 
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FT = Foundation Type MC = Machinery Weight Class 


The two-stage isolation mounting is essentially two low 
frequency isolation mounts in series. It consists of the 
source machinery being resiliently mounted to an intermediate 
plate. The intermediate plate is itself mounted to the foun- 


dation by means of low frequency isolation mounts. 


The two-stage isolation mounts have resonance frequencies 
just as did the low frequency mounts. In the case of two- 
stage isolation mounts though, the machinery connected to the 
intermediate plate will have a resonance frequency of its 
Own, above the resonance frequency of the intermediate plate 
mounting system. This tends to increase the natural fre- 


quency of the entire mounting system. 


Just as with the low frequency mounts it is possible, 
though, to characterise two-stage isolation mountings. Ref- 
erence [7], section 7.3.1.4, indicates that for typical ship- 
board systems, the resonance frequencies of the entire 
two-stage systems are less than 30Hz. Hence, the table shown 
Delow will provide transfer functions for two-stage isolation 


mounts. 
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BISE ج‎ Transfer Function: for 
Two-Stage Mounting Systems (in dB) 
This table is taken from reference [7] 
page 7-51. 


Octave Band Center Frequency (Hz) 
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|Description 31.3 37 ۰ 300 1000 2000 4000 0 
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| 8 11 22 | 30 35 40 45 8 50 50 50 
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| 
| 
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FT = Foundation Type MC = Machinery Weight Class 
4.3.2.1.2 Foundations 


Transfer functions for a foundation relate the vibration 
level at the point of attachment of the mounting at the top 
of the foundation to the vibration level at the ship struc- 
ture at the bottom of the foundation. The types of founda- 
tion that are considered are the two types described in the 
beginning of the preceding section. 


It is important to note that if a piece of machinery is 
directly mounted to the ship's structure, then there is no 
transfer function (TF = 0) related to the foundation, refer- 
ence [7] page 7-51. 


The transfer function, or transmission loss in this 
instance, for the two types of foundation are shown in the 
table below. Negative transmission loss values are inter- 
preted to mean that the foundation is excited at a resonant 


frequency. 
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able 1 = Transmission Losses for Foundations 
Gam dB) 
This table is taken from reference [7] 





page 7-33. 
Octave Band Center Frequency (Hz) 
سح من‎ 5S M! 
Description JUN S- 6&3 9 csOo S09 1000 2000 4000 8000 | 
Found. Type | 
۵ il cit =e) رت‎ Es E زت‎ | 





|B -13 -16 -16 -i3 -10 -8 -5 -2 0 ۱ 
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4.3.2.1.3 Ship Hull Structures 


Reference [7] breaks ship structures into three groups. 
The first group consists of the structures that lie within an 
area derived from the area of the "footprint" of the exciting 
equipment. The second group consists of the structure 
through which the vibrations must be transmitted. The third 
Group consists of intersections of structure through which 
the vibrations must be transmitted. Each of these three 
groups will be discussed in turn. 


A transfer function describing the transmission losses 
within what is called the "effective source area" is not 
developed. Here it is assumed that the vibrations are equal 
to the vibrations at the bottom of the foundation. Instead, 
though, it is necessary to develop a measure of the "effec- 
tive source area". 


Reference [71] develops the "effective source area" in the 
following way. Consider the "footprint" of the machinery 
that is the noise source. The "footprint" is the area cov- 
ered by the base of the foundation. To get the "effective 
source area", reference [7] includes three feet beyond each 
Side of the "footprint" in its computation of the "effective 
source area". Presumably this is an empirically observed 
effect in typical ship installations. The measured area of 
the expanded "footprint" is called the "effective source 
area" and represented by As. 


1 3 





The transfer function for ship structures through which 
vibrations are transmitted depends upon the location of the 
source equipment and whether or not the structure is wetted, 
that is, in contact with the sea. Equation 1 below describes 
the transfer function for transmission through structures 
within the compartment where the source is located. Equation 
e below describes the transfer function for transmission 
through structures outside of the source compartment. Both 


equations are taken from reference [7] page 7-56. 


r 
TF=10100{ =) +p¢r=r,) 08 H1 
f 
TF=Bxl aB 82 
re is the: distance from the center of the "footprint" to 
the edge of the source compartment, in feet. r is the dis- 
tance from the center of the "footprint", in feet. l is the 


path length in spaces outside of the source compartment, in 
feet. B is the dissipative loss coefficient, in dB per foot. 
B can be increased, thus reducing transmitted noise, by 
applying damping materials to the ship's structure. This 
will not be considered in the comparative study. B does 
depend on whether or not the ship's structure is wetted. 


Shown below is a table describing Pp. 


Table 1 — Dissipative Loss Coefficient f for 
Undamped Ship Structures 
(in dB per foot) 
This table is taken from reference [7] 
page 7-56. 
Octave Band Center Frequency (Hz) 
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Transmission of vibrations through stanchions is somewhat 
different from the paths through plating. Transverse and 
compressive wave propagation are present. The table below 
shows the transfer function, that is transmission loss, for 
transmission of vibration through stanchions. 
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Table 2 - Transmission Loss for Stanchions 
(in dB) 
This table is taken from reference [7] 
page 7-60. 


Octave Band Center Frequency (Hz) 
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Transmission of vibrations around a right angle in the 
ship structure or through an intersection at a right angle is 

discontinuous. Hence, transmission losses are associated 
with intersections of the ship structure. Reference [7] 
describes these transmission losses for "TI" junctions and 
Cross junctions. These transmission losses are shown in the 


figures and tables below. 
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Structureborne Noise Transmission Loss for 
۰ ال‎ ۲10۳۱5 of Steel of Aluminum of 
Various Thicknesses (in dB) 

This table is taken from reference [7] 
page 7-99. 


Straight-Through Vibration Transmission Loss 
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Table 4 — Structureborne Noise Transmission Loss for 
Cross-Junctions of Steel of Aluminum of 
Various Thicknesses (in dB) 
This table is taken from reference [7] 
page 7-59. 
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4.3.2.1.4 Radiation into the Sea 


Reference £7] seeks to determine airborne noise. This 
research seeks to determine noise that is radiated into the 


Sea. Hence, the transfer function which describes the radi- 


158 





ation of plate vibrations into the sea is where this research 
diverges from reference [71]. This research will build on the 
development of plate radiation into air by reference [71]. 


Reference [71] develops a transfer function which relates 
the acceleration level in the structure to the sound power 
level radiated into the air. This transfer function is shown 
below. 


1 ۲ < *(ومم0) 10108 +(۸) 10108 < وا - ی‎ 10109 )( - 20109 )۶( + 0 3 Al 


the radiated sound power level. LCa ıs the acceler-‏ 15 سا 
ation level within the radiating panel. A, represents the‏ 
area of a radiating panel. n is the effective number of‏ 
radiating panels. f is the octave band center frequency.‏ 
i5 the radiation efficiency of the panel.‏ ,,0 


This transfer function is for a plate radiating into air. 
This research must adapt this transfer function to predict 
how vibration levels in a plate will radiate into sea-water. 


Adapting the transfer function relationship is accom- 
plished by deriving the sound power level radiated by a 
vibrating infinite flat plate. Reference [13] gives the 
expression for the pressure field associated with a vibrating 
infinite flat plate. This expression is shown below. 


$2 01 عن کس اٹ 
4k?- k?‏ 

Q, represents the mass density of sea-water. w repre- 
sents the frequency of the vibration. k is the wave number 
corresponding to the vibration frequency. x represents 
location along the surface of the plate. z represents dis- 


tance away from the plate. ucos(k,x) represents the velocity of 
the plate surface. Ke is the wave number associated with the 
deflections of the plate. 


This equation points out three different regions of exci- 
tation of the plate. Consider the exponential expression 
describing the z-dependence of the pressure distribution. Of 
vital importance to the structure of the z-dependence is the 


value of ۰2-2 


I 





If kK < km, then the exponential term is raised to a nega” 
tive real value. This indicates that the pressure field has 
an amplitude that decays exponentially with distance from the 
plate. This type of radiation occurs "below coincidence'. 

In this context, "coincidence" refers to the acoustic wave- 


length being equal to the structural wavelength. 


If k = Km, then the exponential term has no z-dependence 
because it is raised to zero. This indicates that the pres- 
sure field has constant magnitude out to infinity.--While 
this is not physically true, it does indicate an efficient 
radiation condition. In this context, the acoustic wave- 
length and structural wavelength are "coincident", meaning 


equal. 


If k > ka» then the exponential term is raised to an 
imaginary power. This indicates an oscillatory z-dependence. 
Taken in combination with the time dependence, the pressure 
field is a travelling wave. This region of radiation is said 
to be "above coincidence" meaning the acoustic frequency is 
greater than the structural coincidence (resonance) fre- 
quency. 

The solution to the radiated pressure field is very dif- 
ferent in each of these three regions. Hence, they are 
treated differently as in references [7] and [131]. The first 
step to determining which of the three regions is involved is 
to determine the coincidence frequency of the radiating panel 


on the ship. 


Reference [7] gives an expression for the coincidence 
frequency of plating. This expression, though, is for a 
panel vibrating in air. A panel vibrating in water will have 
amuch different structural response. Shown below is the 
approximate expression for coincidence frequency of a plate 


IM air, fron reference [71]. 


fer Hz and A,=2.4R ft #3 


In this expressions h is the thickness of the panel’s 
plating in inches. Reference [131] gives an approximate 
expression for the coincidence frequency of steel plating in 


water. This expression is shown below. 
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h retains the same units (inches) in both expressions. 
However, the second expression accounts for differences in 
the contribution to stiffness and damping that the sea-water 
makes to the structural response of the plating. The second 
expression also accounts for the difference in the speed of 
sound in air (330m/s) and the speed of sound in sea-water 
(1500m/s). In the comparative analysis of this research the 
second expression, from reference [133, will be used to 
determine the coincidence frequency of a radiating panel. 


Now that the means to identify the three regions of radi- 
ation efficiency for radiating panels has been established 
for radiation into the sea, the development of the other 
terms of the expression for the radiation transfer function 
can proceed. 


From the expression for the pressure field in equation و2‎ 
the acceleration level and sound power level must be 
extracted. First, though, the pressure expression must be 
cast into decibel form. This requires using an amplitude for 


the x and z-dependence of the pressure expression. 
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The amplitude of the pressure ‘wave’ can be considered to 


HS 


be of the form below. 
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The mean acoustic intensity, I, is a function of the 


H 6 


velocity amplitude and the pressure amplitude. Reference 
[41] gives an expression for the mean acoustic intensity as a 
function of the pressure and velocity amplitude. This rela- 
tionship is shown below. 
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The pressure amplitude and velocity amplitude, as 
Gescribed above, are inherently real. The mean acoustic 
intensity 1S now used to determined the radiated sound power. 
Once again, reference (41] provides the tool to evaluate the 
sound power. In this instance, sound power is the mean sound 
intensity integrated over the area of its radiation. In this 
instance, the area is that of a radiating panel. 


pw 
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Now that the power radiated is known, the sound power 


W= | >1<١ كك‎ - 83 
5 


level can be calculated. 
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To obtain the transfer function, as described in equation 
1, L4, must be extracted from the expression for the sound 
power level above. To this requires the use of the expres- 


Sion relating acceleration level and velocity level, Lv. 


This expression is shown below. 
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Using the second expression, Ly can be extracted from the 


expression for the sound power level. 
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From this expression, the transfer function for the panel 
radiation can be extracted. 


1 2 


0-7 RIA 


A UCM. 
mle = 10lo p | 1010 -= i-201lo TOTO | | 44dBreW 
)و‎ 9 0 gCf) GPC V, v rei, 





815 


This equation is in the precise form as the transfer 
function described by reference [71] and given in equation 1. 
There are several differences to be pointed out, though. The 
term that accounts for the possibility of there being multi- 
ple radiating panels being excited by the vibration is the 
1Olog(n) that appears in equation 1 but not equation 15. 
Equation 13 is for a single radiating panel. 


The term that includes the reference quantities, the 
fourth term on the right-hand side of equation 15, has a big 
impact on the use of this equation to determine radiation 
into water. The reference quantities are there to ensure the 
dimensionless nature of the logarithmic quantities. The مم‎ 
term characterises the medium into which the panel radiates. 
For radiation into air, substitution of 347m/s for c and 
1.270kg/m®? for the density of air yields the exact 20 dB 
constant term that appears in equation 1. This constant 
changes for panel radiation into sea-water. In the case of 
radiation into sea-water, the constant term becomes 53 8 
for ac of 1500m/s and a p, of 10807 . 5۷7/۰ This represents 
a much improved transformation of panel acceleration into 
radiated sound power than for a panel radiating into air. 


The final term to be discussed is very important. That 
term is the radiation efficiency, O,,. The radiation effi- 
Ciency appearing in equation 15 is derived from the case of 
the infinite flat plate. Although it has not been stated 
explicitly, by using the ‘amplitude’ of the pressure wave in 
equation 6 in the derivation of equation 15, radiation above 
coincidence has been implicitly assumed. This is because 
‘amplitudes’ are meaningful only for periodic, hence oscilla- 
tory, functions. Therefore, the radiation efficiency, Og.» 


must be considered for the three regions of radiation. 
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Reference [7] takes the approach of modifying o,, for the 


three cases of above, below and near coincidence. The radi- 


ation efficiency appearing in equation 15, خر‎ does not 


depend upon the medium into which the panel is radiating 
except in the determination of the coincidence frequency. 
Hence, the radiation efficiencies developed in reference [7] 
need only be slightly adapted to serve as the radiation effi- 
Ciencies of the panels radiating into the sea. 


Above coincidence, the radiation efficiency will be pre- 


cisely equal to that developed for equation 15. 


Slightly below coincidence, the radiation efficiency will 
be altered to reflect the relative values of k and ka. This 
radiation efficiency still has the infinite plate as its 


physical model. Shown below is the radiation efficiency. 


ce eh m #16 


Significantly below coincidence, the use of an infinite 
flat plate as a physical model becomes fallacious. Hence, 
effects of finite plates enter the radiation efficiencies. 
Two effects dominate the radiated pressure field, which for 
an infinite plate diminishes exponentially with distance from 
the plate. These two effects are edge and corner radiation. 
Reference [7] provides a means to calculate the effects of 


edge and corner radiation. 


First, the radiation efficiency corresponding to edge 
radiation will be described. The relationship describing 
edge radiation is derived from the descriptions given in ref- 
erence [7], pages 7-63 and 7-65. It is shown in the equation 
below. 
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Here, P represents the perimeter of the radiating panel. 
A. represents the structural wavelength at coincidence. But 
for the determination of the wavelength at coincidence, this 
radiation efficiency is not dependent upon the medium into 
which the acoustic power is being radiated. 

The radiation efficiency corresponding to corner radi- 
ation will be described in the equation below. The relation- 
ship describing corner radiation is derived from the 
descriptions given in reference [71], pages 7-63 and 7-66. IT 
is shown in the equation below. 


a 
eT #18 
rad Ap ده‎ 


The same comments regarding the effect of the medium oan 





the edge radiation efficiency can be made about the corner 
radiation efficiency. The total radiation efficiency well 
below coincidence is simply the sum of the edge and corner 


radiation efficiencies. 
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G ودر > وى‎ 9s H 19 


18 


Summary of Radiation of Structureborne Noise into Sea-Water 








A 
TF= TIS ah 19159 و 106 لو‎ 2010002578 #20 


Above Coincidence - f > f. 
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Near Coincidence - O.75f. > f < f. 


rad ” #22 
E 


Below Coincidence - f > 9.75f. 





/ / 
: Pr, E aye dE) میں‎ 
ہے‎ cs L—T. 
A; n2(1-;-) 4 و‎ AL 7 
To determine the coincidence frequency, use the following 
equation. 
en Hz and A,=0.329R fi #24 


In equation gO, f refers to the octave band center frequency. 


See the preceding sections for a discussion of units. 
6.3.2.2 Airborne to Structureborne Noise Transmission 


Airborne noise can excite structures into vibrating. 
This can serve as a source of structural acceleration. 
Hence, the approach developed in reference [7] is used to 
provide a transfer function describing the vibration of 


Structure in response to airborne vibration. 


The transfer function for unwetted steel relates the 
acceleration level, La, to the sound pressure level, Lys in 
the compartment under consideration. The expression, equa- 
tions 7-22 and 7-23 from reference [71], is shown below. 


TF-2-S7-S901og(h)* 20109 (4,) * 101logC/)* 10Olog(a,,,)- 30109 (a) dB Hl 


or TF=0 dB (whichever is smaller) 82 
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h represents the panel thickness in inches. Aw. repre- 
sents the area of a panel in square feet. f is the octave 
band center frequency. ډم0‎ 15 the same radiation efficiency 
calculated in the preceding section. a is the panel length 
to width ratio. Care must be taken, though, in the computa- 
mon ot + In the case of unwetted steel, the approximate 
relationship given in reference 71 equations 7-280 and 7-281 
must be used. 


The transfer function for wetted steel relates the accel- 
eration level, La, to the sound pressure level, Ly», in the 
compartment under consideration. The expression, equation 
7-26 from reference [7], is shown below. 


TF=-62+10log(f)- Z0log(Rk)+ 1Olog(A,)- Z0log(a) 


- 10109| + 12.8,/%)+10109 1.0-(0.7,[2)) dB 83 


Given the sound pressure level in a compartment, the 
structureborne noise that is excited can be computed. This 
structural acceleration level is combined with the structural 
accelerations due to other sources of vibration to yield the 
total structural accelerations. The radiation of this accel- 


eration level is discussed in the preceding section. 
4.3.3 Overview of the Models That Will be Compared 


In the following chapter, a comparison of different pro- 
pulsion systems will be performed using the acoustic model 
developed above.  OTHEP will be compared with an 
electric-motor-driven conventional-propeller propulsion system 
and a geared, steam turbine driven conventional-propeller pro- 
pulsion system. AS mentioned earlier, only the noise sources 
associated with these propulsion systems and peculiar to these 
propulsion systems will be considered. Structural noise 
sources, flow-induced noise sources and propeller noise 
Sources will not be considered. The discussion of propeller 
noise in Chapter 1 indicates qualitatively that the OTHEP is 
potentially quieter than conventional propellers.  Quantita- 
tive assessment of propeller acoustics is well beyond the 
scope of this research. 
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5 Comparative Acoustic Analysis 
5.1 Overview of Process 


To assess the relative merit of OTHEP, the transfer func- 
tion analysis developed in the preceding chapter is used to 
predict radiated noise leveis for the propuision systems of 
submarine designs which feature OTHEP, electric drive, and 
geared turbine drive. This chapter presents the three subma- 
rine propulsion systems which will be compared, the acoustic 
sources and paths that will be compared, and the results of the 
noise radiation predictions. 


This comparison of the three propulsion systems depends 
upon the validity of the acoustic model presented in the pre- 
ceding chapter. The acoustic model is Built upon reference 
C7]. The source level data, mounting and foundation transfer 
function data, hull structure data, and radiation data are all 
taken from reference [£7] with the sole exception being the 
source level information for the OTHEP propulsion motor. The 
basis of the data presented by reference [7] is empirical.--The 
measured acoustic data of existing equipment and structures 
provide the rationale for the relationships offered. 


The foregoing discussion is meant to point out that the 
data in reference [7] provides the means to predict noise radi- 
ation. Its accuracy is dependent upon how similar the systems 
under consideration are to the systems from which the data that 
was used as the basis of reference [71] was collected. The 
limits of the accuracy of the relationships offered by refer- 
ence [71 are not clear. Data pertaining to the acoustic emis- 
sions of existing submarines and the equipment in them is 
classified as a rule. Hence, use of reference [7] may seem 
questionable. However, the equipment installed on submarines 
is usually designed and built to very exacting acoustic 
requirements.--The equipment installed on surface ships is not 
scrutinised as closely. Reference [71] is based on surface ship 
data. From this is drawn the conclusion that reference [7] 
will provide an upper bound on the level of acoustic emissions. 
Most importantly, reference [71] provides a means to fairly com- 
pare alternate designs through its uniform approach to the 
issues of sources, paths and radiation. 


168 





5.1.1 The Acoustic Model 


The comparative analysis proceeds in three steps. First, 
the acoustic source level for specified pieces of equipment is 
estimated using the model described in Chapter 4. Second, the 
effect of the path that the acoustic energy takes between the 
source and the point where it is radiated into the sea is also 
estimated using Chapter 4. It is important to note that the 
relevant acoustic paths are not known a priori. Rather, this 
research adopts the bias that the shortest path to a radiator 
into the sea will be the dominant path.--This bias is not 
without basis, reference [7] page 8-428; more importantly 
though, it reduces the number of required calculations 
greatly. The third step of the analysis calculates the effi- 
ciency of the radiation of the acoustic energy into the sea. 


The first step, identifying the acoustic source levels, 
depends upon the equipment included in the respective designs. 
The second section of this chapter identifies the design of 
the enginerooms of the alternative propulsion systems. It 
specifies the equipment which will act as the acoustic sources 
for the comparative analysis. 


The second step, identification of the relevant acoustic 
paths and their effect on the transmission of acoustic energy; 
is also discussed in the second section of this chapter. The 
bias discussed above indicates which paths of all the possible 


paths to concentrate upon. 


The third step, quantification of radiated acoustic 
energy, is also derived from the information presented in the 
second section of this chapter. Of interest, all of the sub- 
marine designs being compared possess identical hull struc- 
tural designs. Hence, any difference in the acoustic 
radiation characteristics of the different designs will depend 
upon the physical extent of the acoustic sources.  Conse- 
quently, the "footprint" of the equipment foundations shown in 
the engineroom arrangements provide the difference in the 
radiation transfer functions. 
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9.1.2 The Comparison 


Three submarine propulsion systems are compared. The 
first is the baseline submarine design featuring OTHEP. The 
second design features a conventional hub-to-diameter ratio 
propeller which is driven by an electric motor. The third 
design features a geared, steam turbine driven propulsion sys- 


tem. 


The baseline design is the submarine that has been 
designed for this research in Chapter 3. The other two subma- 
rine designs are modifications of this design. In fact, the 
alternative propulsion system designs are identical to the 
baseline submarine design except for the engineroom. Hence, 
only the engineroom layout of the alternate designs will be 
provided. 


The only equipment that is specified in the three subma- 
rine designs being compared is equipment which is peculiar to 
the particular propulsion system. This restriction ignores a 
multitude of acoustic sources. Whereas many of these sources 
are common to all three submarines and their presence only 
serves to complicate calculations, ignoring them will not 
invalidate the comparison. 


9.1.3 The Method 


The comparison proceeds from the identification of the 
equipments which are the acoustic sources. The airborne and 
structureborne noise source levels for each equipment is com- 
puted. All of the equipment within the engineroom contribute 
to the reverberant sound pressure level within the engineroom 
through their airborne noise emissions. This reverberant air- 
Dorne noise excites vibrations in the hull plating at the 
boundaries of the engineroom. These vibrations in the hull 
plating cause acoustic noise to be radiated into the sea. 
This is the first source of radiated noise to be calculated. 
Note, only the reverberant sound pressure is considered. 


Direct path sound fields are ignored to ease calculations. 


After computation of the airborne noise-excited radiated 
noise, the structureborne noise emissions of each piece of 
source equipment are quantitatively followed from the source 
equipment, through the equipment mountings, through the equip- 
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ment foundation (if present), through hull structure (if 
applicable), and to the hull plating where it is radiated into 
the sea. Most of the equipment is mounted to foundations 
which are directly connected to the hull. Hence, the acceler- 
ation levels at the base of the foundation form the excitation 
of the hull which is radiated into the sea. 


After the structureborne noise from each piece of equip- 
ment is converted to a radiated sound power level, the total 
radiated sound power level of the submarine design is 
calculated. The total radiated sound power level is simply 
taken to be the "logarithmic sum" of all of the radiated sound 
power levels from every piece of equipment's structureborne 
noise emissions and the airborne noise-excited radiation from 


the engineroom boundaries. 
3.1.4 The Results 


The comparison 1S carried out for each of the three subma- 
rine designs. For each design, four possible mountings of the 
relevant source equipment are considered. They span the 
possible noise reduction mountings which are currently in use. 
All four mounting schemes will be presented. | 


The calculations which yield the results of the comparison 
are provided in Appendix B. The subsequent sections of this 
chapter discuss briefly how those calculations are performed. 
The table below shows the results of the comparison. These 
results will be discussed in greater detail in section 3.3. 


Td 


Table 1 - Radiated Noise Levels of the Propulsion Systems 


Octave Band Center Frequency (Hz) 
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HM = Hard Mounted HFM = High Frequency Isolation Mounting 
LFM = Low Frequency Isolation Mounting TSM = Two Stage 
Isolation Mounting 

OTHEP = Outside the Hull Electric Propulsion (Baseline Design) 
ED = Electric Drive Variant GTD = Geared Turbine Drive 


Variant 


3.2 Description of the Alternate Propulsion Systems, Acoustic 
Sources and Paths 


3.2.1 ۳ 
3.2.1.1 System Configuration 


The design of the baseline submarine is carried out in 
some degree of detail ın Chapter 3 and Appendix A. Hence, 
this information will not be presented here. Appendix A; 
Figure 4 is a drawing of the engineroom arrangement of the 
baseline submarine. Also relevant to the configuration of 
the baseline submarine is the arrangement of the propulsion 
motor on the aft end of the pressure hull. 
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5.2.1.2 Acoustic Sources 


The equipment listed below is the equipment that is con- 
sidered in the comparative analysis for the OTHEP propulsion 


system. 

Propulsion Motor 19 cM 3 1 sea-water 

55 1 ۱ ۲937 1۲1۳9۳ 16 4 ۹ 

Turbine-Generators (2) 2701۷ 260۹9 

Sea-Water Pump 1900gpm +10psi centrifugal pump 
Pump Drive Motor 1 88HP T200rom induction motor 


5.2.1.3 Acoustic Paths 


Two acoustic paths exist for the structureborne noise 
emitted by the propulsion motor. The first path is through 
the structure which attaches the rotor core to the structure 
supporting the propeller hub. This path is handled by treat- 
ing the connecting structure as a mounting, with the rotor 
core mounted directly to the hull plating at the propeller 
hub. The second path conducts the noise emitted by the sta- 
tor from the stator core to the hull plating just fore and 
aft of the propulsion motor. The path goes through the 
mounting which connects the stator to the pressure hull. 

From the point of connection with the pressure hull, the path 
continues fore and aft, through intersections with framing, 
to the first stiffener which extends radially from the pres- 
sure hull to the hull envelope plating. See the figure 


below. 
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Figure 1 - OTHEP Propulsion Motor Structureborne Noise Paths 


The acoustic paths for the structureborne noise emitted 


by the turbine-generators (2), and the sea-water cooling/lu- 


brication pump unit are similar. The source equipment is 
attached to its foundation with any of the four mountings 
shown in the results table above. The acoustic path extends 


through the mounting and across the foundation to the hull. 
The sound is radiated from the hull at the location of the 
foundation?'s "footprint" on the hull. See the diagram below. 
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Figure 2 - Source, Mounting, Foundation, Hull Acoustic Path 


The only other path to be considered is a partially air- 
borne path. The source equipments emit airborne noise into 
the engineroom. The reverberant sound pressure level in the 
engineroom is a function of the room geometry and the air- 
borne sources within the engineroom. The reverberant sound 
pressure level induces vibrations in the hull structures 
which form the boundaries of the engineroom. These vibra- 
tions, in turn, give rise to acoustic radiation from the 
hull. 

9.d.d Electric Drive With Conventional Propeller 
9.2.2.1 System Configuration 

The arrangement Grawing below contains the salient 
aspects of the electric drive propulsion system that is used 
in the comparison. The hull profile and location of the 
reactor compartment are the same as the baseline submarine 
design's. The aft end of the pressure hull is altered to 
reflect its shape were the electric drive propulsion system 
to be installed.--The pressure hull displacement is preserved 
despite the alteration of the shape of the aft end of the 


pressure hull. 
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Figure i - Electric Drive Engineroom Arrangement 
3.2.2.2 Acoustic Sources 


The equipment listed below is the equipment that is con- 
sidered in the comparative analysis for the electric drive 
propulsion system. 
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Propulsion Motor 19 EN 1 0 freshwa- 


ter cooled 


Turbine-Generators (2) 27۷ 360۹۷۹ 

Cooling Water Pump + 9 centrifugal pump 

Pump Drive Motor 37:9۳ 1200rpm induc- 
Eon motor 

Lube O11 Pump Sgpm ۵00 5 3 gear 
pump 

Pump Drive Motor 7>SHe 1200rpm induc- 


uon motor 


5.2.2.3 Acoustic Paths 


The acoustic paths for the structureborne noise emitted 
by the all of the source equipment of the electric drive 
submarine design, the propulsion motor, turbine-generators 
(2), the cooling water pump unit, and the lube oil pump unit, 
are similar. The source equipment is attached to its founda- 
tion with any of the four mountings shown in the results 
table above. The acoustic path extends through the mounting 
and across the foundation to the hull. The sound is radiated 
from the hull at the location of the foundation's "footprint" 
on the hull. This is the same path that is shown in Figure 
.هلكه 2-1 ع‎ 


The only other path to be considered is a partially air- 
borne path. The source equipments emit airborne noise into 
the engineroom. The reverberant sound pressure level in the 
engineroom is a function of the room geometry and the air- 
borne sources within the engineroom. The reverberant sound 
pressure level induces vibrations in the hull structures 
which form the boundaries of the engineroom. These vibra- 
tions, in turn, give rise to acoustic radiation from the 
null. 


9.2.3 Geared, Steam Turbine Drive 
3.2.3.1 System Configuration 


The arrangement drawing below contains the salient 
aspects of the geared turbine drive propulsion system that 1s 
used in the comparison. The hull profile and location of the 
reactor compartment are the same as the baseline submarine 
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design’s. The aft end of the pressure hull is altered to 
reflect its shape were the electric drive propulsion system 
to be installed.--The pressure hull displacement is preserved 


despite the alteration of the shape of the aft end of the 
pressure hull. 


178 


Side View 


RG : 
r ul on 
idi m A 
د‎ m sere [L3 mm, 
سح‎ om 
* 0 e 
Beate ۹۳٧٨۲۹٥ 
Top View 
سضر‎ ۷۶9 0 
Prepeision de 
Eccc pm و ہے‎ E Sa X سے ےج‎ Be => 
سس ہ‎ 
Reduction Goar 307G | 
fs 9 م‎ 
3۰644 6 ۲ 
Figure i - Geared Turbine Drive Engineroom Arrangement 


5.2.3.2 Acoustic Sources 


The equipment listed below is the equipment that ıs con- 
sidered in the comparative analysis for the geared turbine 


drive propulsion system. 
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Propulsion Steam Turbine 19.2MW 36O0O0RPM 


Reduction Gear 1 9 . 2 لم11‎ 1 

Ship's Service Turbine-Generators (2) 1.1MW 3600RPM 
Lube O11 Pump 1 ۵ 20psi gear 
pump 

Pump Drive Motor 1 SHE 1200rpm 11500862 


buon motor 
5.2.3.3 Acoustic Paths 


The acoustic paths for the structureborne noise emitted 
by the all of the source equipment of the geared turbine 
drive submarine design, the reduction gear, ship service 
turbine-generators (2); and the lube oil pump unit, are simi- 
lar. The source equipment is attached to its foundation with 
any of the four mountings shown in the results table above. 
The acoustic path extends through the mounting and across the 
foundation to the hull. The sound is radiated from the hull 
at the location of the foundation’s "footprint" on the hull. 
This is the same path that is shown in Figure 3.2.1.3.2. 


The only other path to be considered is a partially air- 
borne path. The source equipments emit airborne noise into 
the engineroom. The reverberant sound pressure level in the 
engineroom is a function of the room geometry and the air- 
borne sources within the engineroom. The reverberant sound 
pressure level induces vibrations in the hull structures 
which form the boundaries of the engineroom. These vibra- 
tions, in turn, give rise to acoustic radiation from the 
pull. 

3.3 Discussion of Results 
9.3.1 Sources That Were Not Considered 
Prior to discussing the results of the comparative study 
it is very important to note the acoustics issues that have 
been neglected. First of all, structural and mechanical noise 
Sources other than the propulsion system equipment discussed 
above have been ignored, the propeller shaft for one. Second, 
all noise created by the propeller has been ignored. These 


noise sources are very important when comparing propulsion 
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schemes. Hence, the results presented by this research are 
only part of the picture. They represent just one portion of 
the noise emitted by a submarine. 


One additional point must be made. Other than the equip- 
ment mountings, no noise reduction techniques are considered 
by this research. Hence, many of the noise sources could be 
mitigated by proper techniques. This is to say that it should 
be very possible to improve the noise emission characteristics 


of any of the three propulsion systems. 
3.3.2 Interpretation of Findings 


The results presented in the first section of this chapter 
contain three interesting results. First, perhaps the most 
Salient feature of the comparison is the similarity between 
the electric drive and OTHEP radiated source levels. This 
Similarity, in view of the disparity in motor source levels, 
indicates that the turbine-generators are the dominant noise 
source. Their effect is due to two factors. The turbine- 
generators have high power ratings. The turbine-generators' 
foundations cover a large area of hull, thus making a larger, 


more effective sound radiator. 


The most obvious difference between the electric drive and 
OTHEP radiated noise levels occurs in the 2eOOO0H2 octave band. 
This is the octave band that contains the PWM switching fre- 
quency, 2.5kHz. The estimation of the magnitude of the cur- 
rent distortion square wave could be overly 
conservative,--penalising the OTHEP system as it were. 
Nonetheless, it points out the need to minimize the PWM dis- 
tortion of the stator input current. This effect seems to be 
the only intrusion of the QTHEP propulsion motor into the 
turbine-generator dominated noise radiation. Without it, the 


two propulsion systems would be indistinguishable. 


The final observation concerns the geared turbine drive 
source levels. The fact that a mechanical drive appears to be 
more quiet than an electric drive is counter-intuitive. There 
are three possible explanations for the geared turbine drive 
being quieter than the electric drive and QTHEP systems. 
First, the source levels for the generating plant of the elec- 
tric drive and OTHEP designs may be too high. Reference [7] 
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may not provide accurate source levels for motors and 
generators with ratings as high as 19 and 27MW. This would 
penalise the electric drive and OTHEP designs. This is the 
most likely explanation especially when the quality of subma- 
rine equipment compared to surface ship equipment is consid- 
ered. 

The second explanation for the disparity of the geared 
turbine drive source levels and the electric drives source 
levels is that equipment other than the equipment considered 
causes geared turbine drives to be less quiet. This explana- 
tion is less likely than the one discussed above. The third 
explanation why the comparative study finds geared turbine 
drive to be quieter than the electric drives is that, maybe, 
geared turbine drive is, in reality, quieter than electric 


arrives. 


Se 





6 Conclusion 
6.1 Interpretation of Results 


This research produced four items. Each of them is 


reviewed here. 
6.1.1 Feasibility Design 


Chapter 3 and Appendix à comprise what is essentially a 
feasibility design of a submarine which uses the OTHEP con- 
۶ ۰. Ihe submarine design is balanced and appears to be 
entirely feasible. The design does possess several 
characteristics which should be addressed in subsequent design 
iterations, namely a tendency to be heavy aft and a need for 
room for crew berthing forward. The inverted geometry, 
squirrel-cage induction motor appears to also be entirely fea- 
sible. Protection of the motor and its components from sea- 


water is a concern, though. 
6.1.2 Forces of Electromagnetic Origin 


Section 4.2 develops the normal force of electromagnetic 
Origin which acts on the propulsion motor core. The actual 
relationship is described by equation 4.2.2.18. Evaluating 
this relationship would be very tedious without using the 
capabilities of digital computers. For a detailed acoustic 
analysis of the propulsion motor source level, it would be 
appropriate to include many of the terms of the series which 
comprise equation 4.2.2.12. The expression for force on the 
motor core accounts for conductor width, winding geometry; 
phase current harmonics, and rotor bar harmonics. The most 
important assumptions leading to the expression for force con- 
cern the permeability of the core material and the ‘air’-gap 
width. 


6.1.3 Source Level Estimation 


Section 4.2.4 provides an estimation of the propulsion 
motor source level for use with the TFA method that is devel- 
oped in section 4.3. The source level estimation found in 
Table 4.2.4.3 is very approximate. The series expressions for 
the MMF of the motor were truncated after only a few terms. 

As a result, the source level for the 8000Hz octave band is 
zero. The magnitude of the current distortion waveform due to 


the PWM converter is very conservative. Consequently, the 
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source level of the octave band which contains the PWM switch- 
ing frequency is very high, perhaps excessively so. The 
source level for the propulsion motor is considerably greater 
than the envelope offered in reference [71] for electric 
motors. This tends to indicate that reference [7] source lev- 
els are only valid for electric machines with power ratings 
significantly less than the power ratings for the OTHEP 
machinery. This conclusion must be borne in mind when consid- 
ering the results of the comparative acoustic analysis. 


6.1.4 Acoustic Model Comparative Analysis 


The results of the comparative analysis, which uses the 
acoustic model of section 4.3, of the alternate propulsion 
systems described in Chapter 5 and calculated in Appendix B 
indicate that more accurate source levels are needed to assess 
the acoustic merit of OTHEP. As mentioned in the preceding 
section, the source levels for the electric motors and genera- 
tors used with the OTHEP submarine and the electric drive 
variant are not accurate given the rating of the motors and 
generators being analysed. Hence, the results of the compari- 
son with the geared, turbine drive variant must be disre- 
garded. However, the comparison between OTHEP and the 
electric drive variant is meaningful. 


Ignoring differences in propeller noise, shaft noise, and 
other noise sources, the radiated sound power levels of the 
propulsion machinery of the OTHEP and electric drive designs 
are virtually identical. The radiated octave band sound power 
levels are, with one exception, dominated by the generator 
sound power levels. The single exception is the PWM harmonic 
of the OTHEP propulsion motor that is mentioned in the preced- 
ing section. If the radiated sound power level is, in fact, 
dominated by the generator noise, then OTHEP’s propulsion 
system acoustic performance will be as good as electric drive 
acoustic performance. A better idea of the propulsion motor 
source level for electric drive and OTHEP must be obtained 
before the preceding statement can be considered to be defini- 
tive. 
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6.2 Fulfillment of Objectives 


The principal objective as stated in Chapter 1 is to 
develop a method to assess the relative acoustic merit of 
OTHEP. This objective has been fulfilled by the acoustic model 
of Chapter 4. Two secondary objectives support the principal 
objective. The first of these is to describe the forces of 
electromagnetic origin that act on the propulsion motor core. 
This objective is accomplished through equation 4.2.2.18. The 
second secondary objective is to compare OTHEP with other sub- 
marine propulsion systems. The steps that would have led to 
the fulfillment of this objective are carried out; however, the 
results indicate that the source levels for use in the model 
that fulfills the principal objective are not accurate. With- 
out accurate source level information the second objective can- 


not be met. 


This research has provided a tool that can be used to pre- 
dict radiated sound power levels. fhe comparison attempted in 
this research is a victim of a lack of valid source level 
information for high-power-rating electric machinery. This 
ET of source level information does not invalidate the method 
that has been developed, though. Hopefully, someone with valid 
source level information could, and would, take the method 
developed through this research and use the accurate source 
levels to calculate radiated sound power levels. 


6.3 Recommendations for Further Research 


This research has uncovered several areas, which if 
researched, would provide valuable information for the eventual 
implementation of OTHEP. 


6.3.1 Continue Design Process of OTHEP 


Further design iterations leading to a detail design of an 
OTHEP submarine will make QTHEP a legitimate alternative for 
future submarine designs. Detailed analysis of several design 
characteristics will have a major impact on the eventual 
implementation of OTHEP. These characteristics describe inte- 
grated electric distribution systems, producibility consider- 
ations and adherence to shock criteria. Further design 
iterations will also improve the quality of arrangements and 


other naval architectural issues. 
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6.3.2 Validation of Expression for Electromagnetic Force 


In the derivation of the expression which describes the 
forces of electromagnetic origin which act on the motor core; 
several assumptions simplify the analysis. A detailed compu- 
tation using equation 4.2.2.18 to calculate the force on a 
motor core should be validated by measurements of the force 
which acts on an actual motor core. 


6.3.3 Validation of Source Level Estimation 


Ideally, a prototype OTHEP motor or a scaled version of 
the OTHEP motor would be constructed. The source levels of 
this motor, when measured, would provide a validation of the 
octave band source levels provided in Table 4.2.4.3. If the 
cost of such validation is prohibitive, a FEM analysis of the 
motor can be performed using the expression developed for the 
forces of electromagnetic origin. The result of the FEM anal- 
ysis would provide much more accurate source level information 
than that provided in Table 4.2.4.3. 


6.3.6 Validation of Acoustic Model 


A validation of the acoustic model presented in section 
4.3 can be performed by comparing the radiated sound power 
levels calculated using section 4.3 for an existing vessel 
with actual measured sound power levels for that vessel. This 
step is extremely vital in view of the derivation of the radi- 
ation transfer function, section 4.3.2.1.4, which describes 
radiation into the sea. This derivation has not been put to 


the test of predicting actual emissions. 
6.4 Recommendations for Supporting Research 


The preceding recommendations for further research arise 
from the raised in this research. Several other design issues 
relevant to implementation of OQTHEP beggar research. 

6.4.1 Determination of Propulsive Coefficient of OTHEP Design 

The propulsive coefficient of the OTHEP system is esti- 
mated in the development of the power versus speed relation- 
ship, section 3.1.8. Because the OTHEP configuration is 
somewhat novel, the propeller efficiency, Hull efficiency and 
relative rotative efficiency are not known with any certainty 


186 


at all. Research into the hydrodynamics which dictate these 
values would provide valuable information characterising the 


performance of OTHEP. 
6.4.2 Design an Optimal Propeller for ۳ 


The propeller design assumed in the submarine design con- 
tained in Chapter 3 and Appendix Ais the propeller design 
that Hamner concluded was not optimal. Propeller design is 
not a simple task. However, a thorough analysis of large 
hub-to-diameter ratio propellers would provide a more accurate 
estimation of the open water efficiency of such propellers. A 
characterisation of the acoustic characteristics of such pro- 
pellers would also aid in the evaluation of OTHEP's merits. 
The forces which act on the OTHEP propeller blades will be a 
deciding factor in the design of the rotating structure which 


connects the rotor core to the propeller hub. 
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8 Nomenclature 


acceleration, panel length-to-width ratio 
Fourier coefficient for MMF series 

reference acceleration 

Fourier coefficient for current distortion series 
condition 6 

cross sectional area of ‘air’-gap 

Fourier coefficient for current distortion series 
Fourier coefficient for MMF series 

radiating panel area 

rotor conductor area 

effective source area 

stator conductor area 

condition A-1 

defined magnetic flux density 

Fourier coefficient for current distortion series 
magnetic flux density vector 

brake horsepower 

component of magnetic flux density in i*^ direc- 
tion 

magnetic flux density magnitude 

saturation magnetic flux density 

coefficient of drag 

coefficient of frictional drag 

coefficient of lift 

inhabitant of the goat locker 

coefficient of residual drag 

coefficient of residual drag from model test 
rotor sheet-conductor thickness 

speed of sound in sea-water 

submarine diameter 

propeller diameter 


stator conductor depth 
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rotor 9535727951585 gap 

stator insulation thickness 
stator slot depth 

stator wedge depth 

modulus of elasticity 


electric field intensity vector 


electric field intensity complex magnitude 
effective horsepower 

octave band center frequency 

coincidence frequency 

component of force in i direction 

minimum frequency 

fluid shear force 

component of surface force density in i direction 
free flood displacement 

component of force density in i direction 
lift force 

normal force of electromagnetic origin 
resistance force, drag 

"air'-gap width 

plate thickness 

power rating in horsepower 

magnetic field intensity vector 

"heavy aft" loading condition 

"heavy forward 1” loading condition 
component of magnetic field intensity in i direc- 
Cron 

"heavy 2" loading condition 

current  ک‎ rotor bar 

current in reference rotor bar 

a-phase rotor current 

a-phase stator current 


acoustic intensity 
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complex current magnitude 
complex current magnitude for ز‎ 77٨ rotor bar 
motor core moment of inertia 


complex distortion current magnitude of m*" har- 


7۱۵ 08۲ Tor 3%” metor bar 
Stator phase current magnitude 
magnitude of balanced rotor currents 


rotor current with phase angle relative to stator 


current 

magnitude of balanced stator currents 

referred rotor current from equivalent circuit 
Current density vector 

maximum stator linear current density 


acoustic wave number 


average rotor surface-current density 
linearised flexural stiffness of motor core 
rotor winding factor, skew factor 


stator winding factor, plate structural wave num- 


ber 

stator winding breadth factor 

stator winding pitch factor 

linear stiffness model of sea-water 

power rating in kiloWatts 

Fourier coefficients of rotor surface current den- 
Sity series 

Fourier coefficients of rotor surface current den- 
Sity series 


rotor surface current density 


Fourier series description of rotor surface cur- 
rent density 

structureborne acoustic path length 

submarine length, ‘air’-gap length 


acceleration level 
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baseline acceleration level 

effective source level 

"air'-gap length 

acoustic array length 

length of aft body 

longitudinal center of buoyancy 

longitudinal center of gravity 

lead ballast displacement 

length of fore body 

sound pressure level 

length of parallel mid-body 

rotor single phase self-inductance 

rotor winding inductance matrix 

rotor a-phase winding self-inductance 

rotor a- and b-phase mutual inductance 

rotor single phase leakage inductance 

rotor belt leakage inductance, 5 2 space harmonic 
rotor belt leakage inductance, 7*" space harmonic 
rotor slot leakage inductance 

stator single phase self-inductance 

stator winding inductance matrix 

stator a-phase self inductance 

stator a- and b-phase mutual inductance 

stator single phase leakage inductance 

Stator belt leakage inductance, S"*" space harmonic 
stator belt leakage inductance, 7*" space harmonic 
stator skew leakage inductance 

stator slot leakage inductance 

stator zigzag leakage inductance 

belt leakage inductance, 5*" space harmonic 

belt leakage inductance, 7*" space harmonic 
single phase synchronous inductance 


velocity level 
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sound power level 

baseline sound power level 

magnetising inductance from equivalent circuit 
AO CE TONG condition 

number of stator turns per phase 

motor core added mass 


stator a-phase to rotor a-phase mutual inductance, 
motor core mass 


"air'—-gap stator-rotor winding mutual inductance 
S‘air’-gap mutual inductance matrix 


main ballast tank and its corresponding displace- 


ment 

magneto-motive force 

number of radiating panels 

aft body paraboloid exponent 
fore body ellipsoid exponent 
"normal" loading condition 
rotor series turns per phase 
number of rotor bars 

stator series turns per phase 
normal surface condition 
number of stator slots 

number of pole-pairs, pressure 
perimeter of radiating panel 
propulsive coefficient 

power dissipated by loss mechanisms 
electrical real-power input 
stator Ohmic loss 

electrical real-power output 
rated power output 

number of phases 

distance from center of source area 


aft body hull radius 
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distance to boundary of source compartment 
fore body hull radius 

limiting acoustic range 

rated speed in rpm 

*‘air’-gap radius, acoustic room constant 
‘air’-gap radius 
resistance of a single rotor bar 
Reynolds’ number 

Stator outside radius 
rotor inside radius 
resistance of a-phase rotor winding 
resistance of a-phase stator winding 
‘air’-gap resistance 

stator resistance from equivalent circuit 
rotor resistance from equivalent circuit 
rated slıp 

shaft horsepower 

installed shaft horsepower 

required shaft horsepower 
thrust-deduction coefficient, time 
magnetic backing material thickness 

equipment foundation acoustic transfer function 
torque about the i-axis 

component of electromagnetic stress tensor 
equipment mounting acoustic transfer function 
into-the-sea acoustic radiation transfer function 
rated torque 

hull structure acoustic transfer function 

fluid velocity 

acceleration of mid-span of motor core structural 
model 


acoustic velocity magnitude 


rotor linear velocity 
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complex voltage 

induced *air*-gap voltage 
vertical center of buoyancy 
vertical center of gravity 
displacement of variable loads 


rotor voltage with phase angle relative to stator 
current 


submarine’s velocity 

wake fraction 

radiated sound power 

reference sound power 

rotor Bar diameter 

rotor hole diameter 

rotor bar slot width 

wetted surface area 

stator conductor width 

stator slot width 

SWBS weight groups i - 7 

distance aft along the aft body 

distance forward along the fore body 
magnetising reactance 

stator leakage reactance from equivalent circuit 
stator slot leakage reactance 

rotor leakage reactance from equivalent circuit 
equivalent circuit current division ratio 
equivalent circuit distortion current division 
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electrical machine empirical constant, winding 
pitch angle, sea-water acoustic absorption coeffi- 
cient, angular conductor width 


angular conductor width in mechanical radians 


phase angle of phase currents, acoustic path dis- 


Sipative loss coefficient 
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skew angle 

electrical angle between stator turns 
correlation allowance 

envelope displacement 

submerged displacement 

incremental step in x direction 
incremental step in ¥ direction 

hull efficiency 

motor efficiency 

open-water propeller efficiency 
relative-rotative efficiency 
shafting/mechanical transmission efficiency 


mechanical angular displacement, stator coordi- 


nates 
mechanical angular displacement, rotor coordinates 


angular displacement in electrical radians, stator 


coordinates 

initial rotor position 

flux linkage 

coincidence wavelength 
longest acoustic wavelength 


circumference-to-slot width ratio, one pole-pair 


length 

rotor a-phase winding flux linkage 

stator a-phase winding flux linkage 

complex flux linkage amplitude 

rotor flux linkage amplitude with phase angle rel- 
ative to stator current 

absolute viscosity 


permeability of free space 
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rotor current phase angle relative to stator cur- 
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rotor bar resistivity 

"air'-gap permeance 

conductor resistivity 

density of sea-water 

resistivity of sea-water, density of sea-water 
radiation efficiency 

fluid shear stress 

electromagnetic shear stress 

induced voltage lag angle 


eqūüivalent circuit rotor distortion current phase 


angle 

equivalent circuit rotor current phase angle 
stator electrical frequency, acoustic freguency 
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stator electrical frequency 
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A Submarine Design Calculations 
1.1 Table 1 - Baseline Submarine Design Hull Envelope Offsets 
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1.2 Table 2 — Combined Structural Design Worksheet 
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hws 10,23 in This is the frame web heloh:.+ 
سه د سے تاد یڈ سن زو اج( لپ‎ = z my ے 1.14 ره سه‎ x 
WT i= /.co in This is the flanga width.” 
11 < 1.273 in This is the flange thickness. 
٢ج‎ -- سرس‎ F وت‎ Yi aie af E 2 تین ته‎ TER د تروس کو کے کے‎ 
لك حا‎ 78 This is length between King frames or Bulk 
d e es == سو‎ c == m غ و و مت سه نا یه دی ہہ‎ i= a نس سه د سم‎ m m لک‎ 
EE = 1.20 in This ls tre king frame wer thichness.* 
و روط‎ mM. This is t! د‎ Ana aE ES 
Piet. = ilii] ۱14 5< 15 THRE 1169 Fame wet negei0hvs.^ 
! کی د در د‎ Te 9 و سه مه ہے د‎ + 
با‎ 1 ia ın This Is the king frame Tlange width.* 
e i E د س‎ CV 444 ^m 3 = k}, fF- حا سا لي‎ Le سرټس پس رإ ہر ہک‎ = 
tflk- 1.75 in This is the king frame fiance thickness.* 
u d q سه‎ 2 E که‎ : A = I cde E M په کو سل کن ت کہ رسیم بي‎ a کر سس‎ 
test ti- d in This is a tentative king frame insert thicen 
* signifies that these quantities are trial vaiu 
Gee 2ھ‎ ٢ج٦‎ 1 tee es 5 
sults af Caiculatians: 
4 ln ey eee Pm د هو‎ A پد‎ aS EN: ER M ga 1 BE کی‎ s 
۱ ۱ ۰5 See i The input vstue n? t shouid be close to t in 
NL n This shauld be less than ar equal to i3. 
- 
۲17+20 07 7 This shauld be between 0.7 and 0,3. 
EFN 'tz0. 7853714 This shauld Ge between u.75 and i. 
wt/B=0, 183663 This should he ciase ta .مل‎ 
: = 1 TR? سر سه مر د پس په بل 1 : = بش‎ em هرب‎ mái 
Sigma 1 13 if this is la then shell stresses are too hi 
Sigma t-275772.44 psi This should be less than ar equal ta sigma v 
سی ° - 5 صم‎ = - . 5 E a . . ome a د‎ BEA هت سر سه شه سب ند‎ ee > 
zlgma ti-eiügma y f? i if this is acne, the framing is accent 
igna ts-sigma ١ 3 | 
Lfep=28.43088 in This is tne end bay frame spacing, 
و ی‎ LIT, د م م د مرجم‎ as سے تت 5 و‎ i E den = c سج ہت‎ em کے ا کے کن سے‎ 5 
۳.۲ لذن انر ,لح ‌ب-‎ ind ihis is the king frame Tlance ares. 13 
عمد اعفد اود‎ ES ة2"‎ SS aj کم کب ت: دو د‎ 
AtT=17.45622 ine times AT. 
ie a ود سم حر هي‎ = Be E ¬ T = : پر ا‎ 
ikT-liv58.73 inà This is the king frame MOI. it Sheeald be 10 
A aa رم‎ ER, m d. عا‎ er per Es 
if-i1335.741 in4 Greater than IT. 
ر کے‎ E د‎ CN ! US ہے ہت د‎ : ae go سو ا‎ 
Fer=3073.442 psi This is the king frame Buckling pressure. I 
سح‎ qeu qe m سر ار کے‎ Ex . 1 = ME =, = 3 T ته‎ IS ا‎ = 
S.cotre= 1763 psi sheuid be at least 2.20 times greater than | 
calc ti-1.8680358 in his should be clase te test ti. IF nat, it 
په سم‎ rm - که‎ So mA - به نه ده ده‎ = —_ : : = LAMP د ما پست‎ m ا‎ a - کے دو سي سا‎ 
sigma tkzzigqma yk? i ii this i2 one. king ۲۳ 3012 1 5 accepta 
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This is the sheil radius. 


is shell not contiguous ta frame 
This 15 pressure at operating depth, 
This is the outer radius af the hull 


aq 
TAR 1 
2 3 شد رل د 211 و‎ 


t 
Tip 


= am m -= -— اس‎ | 
16 GT zielt 


& the crazs-sectienal area ef 
the craes-sectieonal area of 
2 ۳۱ eh hleS-SCee itis area ar 


ror Sper (= 


i e 
íitheta/zi)i-1.277986 


These Par See EŞ لکن‎ a 


e Une elc. rums ies‏ د د کر ہی ےک 
اکا Functicns used in Von-Sanden‏ 


-> ۷٘۷ 5 +7 cT 
coenltheto. 64509 
sinngthetü.7192897 
cosnathetóO. 32380 
Frames: 
i15 the effective length of the 
Arm in Hament 8 E 
ia O a JU 
a E Ge -3.493174 $ 
173.3185 1787.581 -9.29844 31. 
SUM  Mom-1cg74.72 SUM Ada zi 


204 


ef N پم‎ cr عيب‎ Ri 
م‎ : 


ES 
pi راب‎ TD له‎ A 


t 
- 


تر لسا 
Al‏ 


2ےد 
t‏ 


i 


سه 
ra ro FU‏ 


نے 
پر 


لا 
[AE‏ 
لب 


ri 


۰ سم 
2 


= 
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po: 
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E a 
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cp 
Im 
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Ln ni: 
سو ا ل۔‎ 


i 
p ابا‎ ۰ 1۰ ۵ 


سم ہر 
ا ]~ cH‏ 

٭ ئل = 

CN f° O 

O TU soe 
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Intermediate Caic 
25-31 . 215 

92710 , 5 1 حو م 
L= 2.4373‏ 
Fz2874.58558‏ 

Baz 16 

MIL 3 57‏ 
8 عون ۲ 
را LiíDs=0.0‏ 
oc‏ , ت 1 <><جا / 5۷ 
37377 ی0 بط / 1 لا 
til/t-ü,.78571à‏ 
Ae= o 7.68075‏ 

Afl- 9.96975 
Áf=17. 65625 

5-2 21 .31325 

218 ۲+05 م8 
BH=0 059152‏ 
لا ۱۱ theta=2‏ 
3.07 1:7525 
S LL. tad. 7300890‏ 
H=-0,59415‏ 
نت نحن E=0‏ 

IS 
beta=2.45442)2 

9 30507083-50 . 2359 32 
ni=0,422312 

na=0. 55774 
einnnithed Faai B 
cashnithel.402285 
sinhnecthel.42038 1 
caoshnethel. دص‎ 
و , وح 1ح‎ 

EE 10 
Fa==1,29311 
FP9=0.644 7393 

Size and 
Lors 


OT Tm خو‎ 0 
cp نو بلس‎ M1) سم‎ 
di لا‎ ni 
“j et 
را‎ 111 

mi 


7۳ 
!"ې" 


Lc د‎ eet Ts 1S tre Centreicd ef the frame. 
It has aisc been chesen to renrezsent the radius teo rhe neutral axis. 


Rnha-188.6109 in This 15 the same as the centroid. 
icg-181.84832 in This 12 the centroid af the frame. 
clz9.935943 in distance from NA ta inner frame surface 
ce-ad.d3G87056 in distance from KA te cuter shell surface 

c-9,9H2'745 in maximum distance Tram the NA 
Br extrh-19.904657 one This 15 fer exterrai frames. 
Až ıntrn=19.207537 ind fhis 15 far internal frames. 
wt cf Trame@=2,.057619 tone Steel is assumed here. 
wt oT seneil-7.9923134 tens 
rametshell=10. 075 
Ht EK =. 103053 This ehoula roughly ce equal to 0.15, 
LOURAR Buckling: 
Porsce72.144 psi pressure which hull tails by general instability 
PSc=968.56e3 لدنوم‎ These twe pressures should be less than 
۳9 لدکم 25 لا خخ لاحم‎ vield strenath. 
P?=1030.1985 psi NOTE - This 15 a substitute for PSMUOD. 
a-ü.2275dl MOTE - This azzumes internal Trames. 
sigma ۱۳5۵397 .ن7‎ 61 1 
21 9/93 ب لا,ئ و55 عا‎ gsi This 15 an alternate expression. 
Shell Stresses: 
sigmao/1-245133.72 pesi This is for stress in xm direction. 
1341 . 59 
sigmao/1=12859.29 psi This 16 for stress in xf direction. 
ml e ic: 
sigmao/i1-543970.71 psi This 16 for stress in chim direction, 
2 2 s 
siümac/i-43977.36 psi This is for stress in phi? direction. 
و‎ 
zigma a- GoGo psi This is the maximum aiicwable strezz. 


اسب 
iü‏ 
1 
سل 
wi‏ 


to make sure that ail stresses sre below the allowabie stress. 
Test 


i In these tests» a ane indicates that sheli stress 

8 is greater than allawacle stress. A zero indicates 
0 that the shell stress 1s within allowable levels. 
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ت00 
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ffi‏ 
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5-1357 mi=2.444792 mE ES ERTS m%s, yE A 
م کت هلو ور جع‎ EI ESED TSE SEO 
Far ned: 
Fcrp-9862.5844 nsi 
For ned: 
ore ۱0975 ے8‎ 
rar nz 
Feor=23423.932 1 
Frame Analysisı 
F-25.770447 
sigma c=50757.74 ps 
ea- Ora 1 11 
sigma bi=1309.728 psi This corresponde ta n=c. 
sioma b2=14681.37 psi This corresponds to n-3. 
sioma b3=23002.50 ps1 This corresponde te n-à. 
sigma D53002. 50 psi This is the largest suckling stress. 
siGfa t-2797728.454 pzi This is the total stress. 
End Bay Spacing - Here a spacing greater than L? is usec. 
Lieb-28.52688 in This uses formula on nage i7 of Ch7 af the notes. 
ming Frame Analysis: NOTE - This assumes an Internal king Trame, 
ek-za 71845 in [his is the effective length o? king frame piste. 
ltem Area inc nim in Moment 8 adc ic 
Flate 2ن ضوخ 9 1ن و95 3351 1 191 ان تم ات‎ 4303. 640 12., 92474 
Web ES Im nena a یداد و یا فا کے ےتپ‎ 
Flange 2 339 3 81ع ح68 تک 10۳770657 جج 70ح5‎ ۶۰16583 
Insert cc EN 23 CIC EIS E. EDGES Cel ese Dial 
Aáfr=239.79801 SUM HMaoam-ivagd.30 SUM 7ء ]1008 97, 1:837 دنق‎ 
یی 108,۶۶۷ -> عق‎ >> ۶ 3۹ 
v bar kK-18i.8707 in centroid of the crass sectional area af King frame 
it has aizo been chosen to represent the radius to the neutral axis. 
yCcgk-z173.9543 in agius te the centroid of the wep and Tiange 
۳۱۵۳.21 نم‎ in Th iz the same as the centroid. 
.د7 ٢و عم‎ ۶5۷3 in This is the same as the web and flange centroid. 


i Seis, ÉS ia ind This ignores the area cT the insert. 
io betak-0.45203B82 rad This ignores the area adf the insert. 
i gammak-2.0c206040 rad 

i deitak-3.787377 rat 

e BkK-Q0,0403817 ined This is a second iteration. 

2 beteak=.814400 rad This is a second iteration. 
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2 Gamnmak-u,aa45nwg6i rad 
e deitak-zi.020730 rad This is the product aT only two iteraticonz. 

IL aaa. calculated insert thickness. tezt ti 2 caic ti; 
cocum 15 distance Tram neutral axis to inner frame surface 
ern, 14 istance fram neutral axis to outer shell surface 

ck-i5.56g0753 in maximum distance from the neutral axis 
۳ لح‎ 27258 
sigma ck-30737.53 psi 
Euch Peor=3072,.982 psi This if for Fino frame Suckling. It should be 
greater than d.d5 x Fc. 
m1 2654697 ma=2.499753 mI 1 هاا 7 با دې‎ 
A ElREskcgdLr=204 1.230 


Far ned: 
احم‎ 53635 921 psi 
ی‎ en 
roy ا ج‎ 
Err=1 757% Gy c 
x are RET 
= sm کر مت کم‎ a 
Fei Homer 
E 1.76 nsi 
ہی‎ = LS سر سر مہ ہے‎ UE 2 ae a Ede سے یاه كك‎ oo 
sigma 1-1383.587ط‎ 1 This corresponds teo mel. 
2 — 1 OS er اس 70:4( ھ2‎ 9 E A = 1 pem لست به‎ 
sigma bZ-3idi.d25 nsi fhis corresponds ta 713. 
s S E پر سر‎ : — me سے سر میت صت مس سر‎ L > -— 
sicma bdj-33435.786 psi This corresponde co n-4. 
بت‎ & mL ig مچہ و ہر ہم‎ p 2 1 ےد کے‎ 1 p کس کے‎ zd ee 
sigma bD-3335.9d6 psi This is the largest buckling stress. 
5 حسم ومس ره‎ 1 er $ . hat ہے رو‎ T E کے کے‎ 
cigma t=390%3.61 psi This is the total stress. 
ہپس‎ 1 T کرس‎ 
Euikhead Analysis 
Š — - سا ست لر سه سب‎ =.. om عب‎ om =m سر ہک د == له سره‎ =i وي + سبو سم‎ zum په کې‎ = 
5 zhezi girder arrangement similar to figure 7 — do 182 assumed. 
a سے اب‎ =. s i- 
[he width tarnen ti = it 


٢۳‏ دم 
Mm‏ »> 
2 
2 
r‏ 
Au‏ 


v = 
tapers linearly to tH over a width equal tc 
shear girders can be considered. It 

4 
1 


= t 
act as a deck support» or as part of the de 


input Vaiues — The same steel as above is assumed. 
= Bein This is the thickness of the bulkhead plate. 
nas - پ٣٦‎ This is the thickness af the shear girder Wen. 
ii = hwE- a) in This iz the web neight at midspen. 
WrliB- Sean This is the width ar the shear girder flange. 
tT g= dim inis is tne thickness of the shear girder flange 
füU-cHd.42688 in This is the girder depth at the sheil. Ii must 
ت٣‎ 88.688080 in equal Lfeb or Lfebtrnelt. where n is an integer. 
+ girder= i [his iz the number o? shear girders, i or de 
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suck tf- 4 in [his accounts for buckling due to press 
hemi 1 < Hoan This is the larger af the two. 
vid ta= 00.6057۶3 87 
buck ta=O.740469R in 
hemi ta=0. 40473 11 


Sis “Submarine Structural Caicuiatians 

Ag: "ibeveloped Tor 13.961 Naval Shin Desian ty John Y. samy J 
Ba: "Ihis worksheet ie derived fram the workeshestz contained 
Ra: Submarine Design Hotes by CAFT Harry A. Jackson, Chanter 
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1.6 Table 5 - Hull Envelope Wetted Surface Calculations, Pro- 
gram Output, SHAPE 1.6 
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1.8 Table 7 ¬ Forward Thrust Bearing Calculation, 


Analysis 
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PEER A EIA ABI BDO) 
"pel inis 15 the calculated lubricant pressure. 
^ Crit ae 
(og) i(sBscdrsBScOI/(o*$BSaU0E$BS37) 
i This is the aperating number and pad length 
1 a/bz 
RSI BOSAL 
ta widtn ratia. These are entering arguments 
; ET ITE 11-10 of Wilcock. 
F q= 
meli o bs 1.10) 0. 207 ۳ 5700-0118 
í This 16 a multipiier in the expression Tor 
i alpha. This formula far alpha is derived from 
١ aipha- 
(oo) aSQR Ti SRSG lel Oc oe bhS94 0ر‎ il 
"rad Wilcock. 
i hmin- 
+3 جم حم‎ >۴ 7 
air This is the minimum fiim thickness. It should ae 
i greater than 2.001 inches ifor Gil). 
ae ح ې‎ 
۱ ۱۸۱ 2) ۳۵4۵ ۀ جنلف خ 8 وخاز اللنكزازا, زط رك تج‎ 
i This Tormula is developed from Fig. 11-11 
نب ند‎ 
+ اک 5 1 و ن۱ جاخ بج )با و‎ 
١ fram Wilcock. 
٩ = 
70ک یل هو لاه # / ج لاو #زان و خڅ‎ 
Ei This iz the power lost due ta shear stresses. 


آرن مرے 0اد وت 
e u ۱‏ 0 ڼْ n‏ 
"RM ihiz iz power lost in kk.‏ 


ca awer tne pads. 


22437348 8531 ۴ہ ف64 و۴ اد و وج ورن 

پیا 

: e j= 

42, SES 201/ (505157350509) 

RC This is the tempature rise af the lubricant. 
DESIGN 66208167 ٤ 
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1.9 Table 8 - Forward Thrust Bearing Calculation, Constanti- 
nescu et al Analysis 


:|: 22 15 Jahn V. amy dr. 
Thrust Hearing Desian 4 Decenber 1957 
AHEAD, FLOODED, SEA-KATER LUBRICATED, TIN “BRON FRO, OTHE BEARING 
This thrust Gearing design is based an the text, Sliding Hearings 
by Constantinescu, et al. The inputs te this analysis come from 
the Wilcock anaiysis. Integration of differential equations is 
pert*armed using Euier integrationz. A ienticulated rectanguiar 
thrust bearing nad is assumed. 
INFOT: These are results of Wilcock'/s analysis for flat pads i:sa.m.z!. 
siama-d.07E-07 Fa fhis is the yield stress af the pad material. 
Dawg= 2۰:2 ۲ This is the average bearing diameter. 
algha=1.01£-05 rad This is the pad tilt from Wilcock. 
hmin-d.dbE-O02 m ihis is Wiicock's minimum Tilm thickness. 
R= 4.3043 m This is the pad iength. 
L= 0.2045 m This is the pad width. 
9-5 92 ۵ ECS (MiSs 15 lubricant kinematic viscosity at Tamb. 
rno- 1.9823 lbf 2۵7 ۲ 4+ This is lubricant censity at Tamo. 
8ت سو‎ 389 This 16 the shatt speed. 
i= 42 pads This ie the number af thrust bearing patz. 
| amb- 56 aF This iz ihe ambient lubricant temperatura. 
Atatal= 1233000 $ This is the thrust borne Gy the bearing. 
F= 216075 Fa This 15 the hearing pressure. 
Ünh- 4.37 m This is the runner diameter. inressure null 
QUTPUT DATA: 
Wd brg"- gàó378n MH These are thrusts for each pad times the number 
لا‎ Erc= نا دن مت‎ N cf pads, and encuid be greater than or equal io 
equal tae kW total. MW brg” uses a separation BL 
WH taotal= 1233000 MN in the divergert fiaws li pra does sat. 
t-ü.0264c2i m This 16 the nad thickness. 
wm npar-co.iào731 Non-dimensicnalised lead. hmin 15 reference. 
امن [ مزاع ها تلم‎ Mom-dimensianaiised icad, hp is reference. 
50-5231213 scmmerteia Number 
Sm=5 G15 71 
Gx تن دنم لاح وتا‎ [ Non-dimensienaiised iubricant flux rate 
Ed bar=0, 50900 Nem-dimensianalised friction force at y= 
Fh ن70 زا ے حا‎ Hon-dimensianalised friction farce at y=h 
fiz.0005630 Friction coefficient at y=0 
Bei 006 Frictian coefficient at vah 
These coefficients can mo} be compared with experimental values. 
See the reference. Constantinescu et al. pages 232. .DEn and pa ds. 
CALCULATIONS Primes denote initial estimates. 
Mie ءء٣‎ This 16 the inlet film thickness. 
n2*=4. 52-203 m This is the autlet film thickness. 
ا6ت‎ 6 =I, TIE 5 ihis is the maximum departure fram flat pisate. 
Delta/hp is assumed here te be 0,473. 
hmin'23.595E-05 m This is to provide estimate of hmin. it should 
+ GE 
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i Men-dimensionaiised load, hmin is ۳ 

*  Wp bart 

(SASSO 835551251525215“ (‏ / ( 1خ ۱ج حہ٭٭اج مر ج ہی مہ دہتے ر رج ہد پر تو وہ 
Men-dimensicneiiseG itag, ho is reference.‏ ۱ 

> p= 

١725551 

۱ Sommerfeld 1 

: am- 

5-3 لاه 1 

* ts» bar- 

A a E REI) 

9 Men-dimensicnalisced lubricant flux rate 

" FO bar= 

(5 259595251535251 ع بن سا 5 ) HE53‏ #5 465057 

١ Non-cimensicnailised friction force at y= 

"^ FR 5 

-#H328 7 #50522/ 1 50559 #503 258 5 15 HS 1) 

E Mon-dimensicnalised friction forca at yon 

f= 

i‏ اه اد بر دجو دہج 

١ اه وح لها مه الا كن ال‎ ve 

۱ Th= 

Hi ES 

i Friction coefficient at v-h 

“These coefficients can nom De compared with experimental values. 
"See the reference. Constantinescu et al. pages Z33..2523 and og 27. 
"CALCULATIONS 

“Primes dencte initial estimates. 

í hi'- 

(53) 15 052 3+5 4 

"im 1۳:1 2۶ is the inlet film thickness. 

3 nd - 

SE ٠۹3 

"fn This is the cutiet fiim thickness. 

"  delta’= 

در درل 1+ و رات فتاه ERSS‏ 22 ۱ 

"m This ie the maximum departure from fiat plate. 
1 نا‎ 1583/۲۳٢ is assumed here to se 0.50. 

i hmin'- 

( عو مج ٭ ا ES IE‏ أن 8552-5 5 1 -( رك فش عط فلح ١‏ م رفوع جوع ن 5 1456 ١‏ لعن بخ کج (oc)‏ 
"if This is ta provide estimate oF man. It should‏ 


248 


aa ue n& na ga an ua na 


Ll ca FU pn Doe ee 
un aa nae hea qu au ha aa a 


SU ESE 


ho dl Ey ru Mn حسم‎ ma 00 0 to <3 


ېړ 
Jes JE‏ حل 1 


P 
pe 
2 


رک 
سے 


T0 1‏ نا ن٢‏ وا شا شا شب تنا ن٢‏ شا شا شا تن 


21 
0 


Ta 
رت اك‎ 


f‏ زب تت 


اا 
fx 3‏ 
وه 


غ یہ تبا تد 


Lat Tat [a 


زرا 


I1» E 8۸۱ 13 0 1ل ۱ لا اد‎ ٨٢ EO a UU EI TTE 


rri 
Q1 نر تنا‎ 


E 
7 


یہد 


زرا 
tm]‏ 


LU fall 


نت اتا ات +3 ابت  ٢‏ 
b‏ 


bi 
LL 


Te 
Let 


~ 
m 
٢٠ 
~ 
ae 
— 


Re 


0 NE 
POE 


a 


Dr سال زا‎ 
په‎ E E 


tri s 
I 


11 


کر 
M.‏ 


8 


1 
امہ‎ 
ES 
۰ 


1 11 


mI 
ک0‎ 
۳ 


249 


het 


۱۱ 


| لا 


m 
11 


7 11 
TI p 
wi E 
0 

I‏ تا 
4n‏ 


qum 


id- d n 
الورک‎ Al ة "طخ" ة‎ M3 
IE > ٢ 


2 tu 3 0000 
۳ E = Fon 


a 11 
ifl ul 
الا‎ "ut my 

HW} 


7 
= 
Fi‏ 
کا اس 
ت 

sity 

Lory ہب‎ 
e 
E Ci 


1۱ n Ee 2 ۱ 5 ئم لوا‎ 

r. p نے‎ 9 | mt a HÍ et 773 

nmi mios‏ 2 ا I.‏ لا ^ E ۳ i Lt‏ تا 
ut ui + as 3 7+۲‏ ( دا Lt ri "e‏ لا 


7 1 e A LR ut 
2 +3 0 بدا‎ ni 


A ار الا نه‎ 74 Let 
لا‎ "t AY ۲ 


pet R ۲ TR 4$ ocr 
m oH I E m مب‎ orn 
-ea EN ev us dM 

33) Gea m 4 o CTY 
$ سے‎ QJ. 7 


WI 


5 = ب.. لتا 
زا a + i‏ = = 42 
rl n‏ سم دا 
(ft T‏ مسا on‏ و سا 


t 5 
i 
} 


ہک سيا 
A‏ 
—- 


A 
[luce 
y 
E 
1۱ 1 
& 
m, 
هيا‎ 
کے‎ 


a 
T 
a 


: El 
u je! س.‎ [| 
uu J^ 0 32 3 


= Q c 0 i 10 اب‎ > 
هم.‎ ۲( m md ui A : مت‎ 


ab 


r4 LD le ru en. Do» 1^. ww ce +q ET 
mA Le 2 ۱ - بح‎ ncn oce sf 


Kj ہا‎ cr CT: 4- 


= po 2۳ 1 a 2 Lu TY دنا‎ Hi 

"t . 4م‎ t لس‎ Ww r4 E od ed با‎ mm اچ‎ e, جا ہہ رح‎ 

E ui P الا‎ un +R = ہب‎ iD نې کش‎ | Iur i ات‎ Ele 
"m ul ni + apo 3 $ : a Ed == > cas H} vet r. Td 44 t) “at 
om 0 ۲ ۲ nl cr 44 Iz n t (cv) E II DI ne C Xd TE xi 
GB ا‎ Ea پټو. يرت‎ «e LE ep E pr epo x - FI NT IF f 
pet i زا‎ qq ~~ الا‎ D nm fe Qi ii CL à MF 1 (37 al للد‎ | "n 


th ټغ‎ Z "od -= EH را‎ ip - I 
e l4 Mx تب 4ل‎ a 13 HR Eb 


& 
x 
mn 
B 
i 

à 

پس سر 
2 

EMEN at 


Su 
4, t 
en 
G 

te 
Su 

T 
} 
# 
— 
m 
55-5 
۱ 
/ 
Se. 


uc 
d 
is 
ü 
a 


eet ut Hp IN ۲۲ gfi ۴ 1‏ یں ڑا 
پس -48 m‏ سه J ora A‏ . سو 00 
08 ناد - 18 1 4 L. o E‏ 
rr‏ الا ۱11 الا mo Lu - Li | + ar E‏ 
-rA Kae : X7 .r4 ; Lt nd +A‏ 
hi‏ 
TU‏ 
21 


ت0 
کے 
e‏ 
y‏ 
T4‏ 

۳ 

= 

= 

-ت 

= 

em 


mt 
Hou. 


گت 
E‏ 
= 


qc c ۹ 

Eb OJ AR : 

E e E با نز‎ m 
rt 


e] 
Ho ya 
ie 
e 
If E 40 tC. ou 4 ultr az 
Ep 2 tee 


mo 


IA 


ا 
8 
J‏ 
io‏ 


MR be 


oP. 
nt 
* 


= 
I. 
ba 
hi 


d 
Cu 
x u1 
ہم‎ fri 11 MDC 1 "m OE EH: 1 1 1 
a os (f 13 4: LL ت۲‎ ۵ ok dH 
8 b 471 87 tn? 
1 


٢‏ ۾ آ 


تچ 
fae‏ 
5 
a‏ 
= 
hi‏ 
5 
i‏ 
سا تم وه 
= 
? 
n‏ 


0 
4 
tf 
in 
١ 
1 
fads 


I m de d e i E m E ~ r iT c von ہج‎ r ہے‎ > 


Lr] 11 E iA لا‎ va J- WEE ٢ CEL 

کے ی سو یی سا et‏ ری یم پر “eg, o vt H "3 Of aeu‏ ہس e,‏ اکس سی a‏ 

1 Pu P Pu "۰ S ہہ یا یت تا ہت تا‎ A 4 
: ] rn 


سا 
ncs‏ 


کی 


منج 


۱ £f E i E ا‎ & ۷ Iz Latas تنا ہلا‎ 4 m LO EO ın (in اکا ان‎ e EO (f m 

r. 1. r r ar ۳۰ سے‎ r. ro. nr r. =ar v. Fe سے‎ ۲| r, ۱۳۹ v. Le + Ex 0 r. r. r. T. r. r. r. e. f. EU. 4 at t-— a ga e 0894 سه سو سو د پا 7 و‎ 
e "emt tet و‎ 

ve ^u "un "na "nw ey LE ae ar LE an we an ae su a. sh ae ae anh ee at as e es on an py [E ne na oa se ea en un a» or ae "n su an an nR 


n — ae کے‎ ea 


C 7 ٢ 
تک الا ار‎ 


sa 
2.08۲ UU پب ېږ ټسب ېب ہہ‎ 
JH -1۱ ا ۰۲۱ ل1-‎ £P e ا ل‎ E 
ELLI لا لا‎ ui Jj et E ET C D 


3 


CU f 4 e 0 Dp 01 0I C3 (n DT T rusuuuu no ns a LI Irar ge gp fm d molte 
۱۱ ۱۱ Uu ]٢2 ث١ اتا اتا 3نا اتا‎ u) Wu) Wuuggsiuw ou ان للا‎ Ww p ایا‎ w3 wi usu A انا-‎ 
EE ۴٦ +9 er och تنا‎ HE انا الا لت دز‎ ۲ 11 de ER EL Iu li tx at 


280: 


MB 

i 
T: 

سا 
3 

H 
S 

D 


250 


+A 


+ 
na 
+R- 


"wu 
er 
a 


یا 
en‏ 


1 
01 


14 


(r- 
-: 
ru 
au 


CEME 


1 


TH 


AD 


[xt 
l 


a 


n 
E 
CL! 
v 


11 


دم 
fT)‏ 


مه 


us 
۳ 
1 
a. 


I, 


n 
| 
44 
بدا‎ 
+ 
ab: 


n 


e 


a 
11 


(Fri 


nt 


w 


UL. 


سح )4 


Lm 
سا‎ 


FERF 


رت 
Im‏ 


, 


Wi 
هس‎ 
HR 
1 
MAR 
de 


^T 


را 
HH‏ 
ta‏ 


de 
Pu 


Y 


n 


ne 


لا 
He‏ 


T 
دک‎ 


u 


at 


. 


cu 


TJ 
T) 


ra 
11 


۶ئ 


4) 
fl 
amd 
11 
15 


ee, 


۱۳ 
103 


بدا 


-f 
ات‎ 
.دا‎ 
44 
de 
ni 


x 


am 


3 
tee 


un 


۶ 
لا 


0 


p5 
Y 


E 


+8 


m 


ال 


t" 


Ei 
SD) 


an} 


ee 
r 


~ 


7 


لم 


iE 


3 


Wd 
D 


Y 


um 


Ww 


- 


TU 
۱14 


11 
X 


Tb 


: 


Ct 


med t 


L 


سا 
Cri‏ 
A‏ 


Td 
er 


"ot 


Ti 


EL 


2 


yi 
ui 


ih 


a 
«JA 


ج 
7 


اوا 


مب 


E 


- 


as 
لق‎ 
وه‎ 
“et 


y! 
"B 


C 
Er 


- 


un 
ne 


ale 


سس 


160: 


It. 


8 


ts 


251٤ 


p: 


Li 


qe 


1 
1 


Ci. 


= 


A 
474 
ادا‎ 


1 


0 


1 


Jy 


1à0 


سا 


جا 
سے 9 


هه 
-J‏ 
T‏ 


E 


-a 


wn 


T 
“T1 
ttu 


ا 
4^1 


PEE 


Suv 


٢‏ و 


TU 
ل-‎ 
ie 


Cl 


1 


- 


PLUG و‎ 


Lr 
11 
تا‎ 
m 


Im 
Ji 


^i 
+ 


ام 


wt 


ta 
"e, 


ېرا 
je‏ 


eal 


rt 
zm 
ili 
21 
= 


m 


In 


m t مم‎ 
Dm 5 
mc. a 
4 A it 2 
T rI,” 
mee yt): 
a al 
تو‎ A PES 
2i y n 
p= zh " 
mr 

is‏ ۶ حرط 
a, Nm‏ 
Eey!‏ 
lan »‏ 
٨ 7‏ 
n‏ = 


ل٠‏ ړس 1. 


û iI TO FU FU + e c‏ تیا 


: 
“J 


ná fo nh 1۷ ۲ ٦ fo fa rá تا‎ ra ni pa ro 
~] -j 


ITI GSTS 101 31 
ae gu 


که 


I 





اس 
FT‏ 
iret‏ 
سی 


1 
ZH own 


— Astern Thrust Bearing Calculation», Wilco 
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مت‎ 
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Ia 


E m TE] سه ني — 5 کہ ہس ہج سس‎ 202917 
Ivst 851 1 i December 9 
SEE THESIS notes, SO Nev 89. for develonment oT gecometrv and sources. 
mut: Center supported, tilting pad thrust bearing is assumed. 
W-c21757.3 lbf fhis 1s the astern thrust load, SU 4" ahesd. 
F= Pa psi This is the stress reacted by lubricant film. 
kg= Ü This is actual thrust area Ti E 
Di= ucc in This is the inner diameter. 
H= ۹۶ھ َ ھ2‎ This is the shaft speed, 
nuz?.14E-205 TtZ/s This is the kinematic viscosity of the lubric 
at cutiset temperature. 
mna 1.7928 167 e/ftà hye ise density of lubricant at outlet te 
1 Só ar inis is the proposed outlet temperatura, 
cn- &.odé Btu/gal-aF This is the heat content ef the lubrican 
fins BS ar jnis is the iniet iubricant temperature. 
ESTE: 
Íhis design is for a saltwater lubricated tilting pad thrust bearing. 
{he assumpticonz ar e support to Be at 0.0972] however, the 


11 " < Sm. 7 337ئ۲‎ 16115167۴6 
سلا‎ 30792 5904 ft/min This 7 m ear velocity af bearing surface. 

n'- ۱: ۲ This i& an initial Gad width estimate. 
ENTRY Enter the desired pad width. 


n 


n= ۱ 7 This is the design pad width. 

17230., 16472 This is the computed number of nags. 
ENTRY Enter the desired # af pads. must be integral and even =. 

1= E This is the design number af pads. 

c Lan This is an initial pad length estimate. 
ENTRY 287.6 ۱ ٣ح‎ eis. nad lenath. 

B= Hin This is the design pad iengtn. 

mu-l.2o6E-07 reyns This is sbsolute viscosity af lubricant at 


outlet temperature. j 


rFcalc-44.265985 psi This is the calculated lubricant pressure. 
cm $-1.74E-07 This is the operating number and pas length 
B/n- 1 toG width racio. These are entering arguments 
far Figure ۱21117 017 e 
q- 1 ed his is a multiplier in the espreszion Tor 
alpha. This formula for alpna is derived tra 
alpha-zi.lzE-u4 rad ۸ 1 1ع‎ 
۲۲:1 ناز , لا‎ 1 1 21۱ in This is the minimum fiim thickness. It shouid 


ese 





بر بس سیر س pmo‏ س 


AA t ` 

oh à ٢ oa‏ دده 

4 حر په نا 

I à 
A a E 

= 

بل m‏ 
= جو پے مسر دو سه 
e‏ = ]= 


the Eat 
the luhr 


با 


at 


Sean IA د تت‎ 


Pue. e 
A 
icant fia 


ature 


سم < 
اس 
تہ لے 


| Hniia 


Lb. 


a 


يه 


LE 


temp 


1 


ffi 
111 


2 


4 ito 
poner 


the 


E 


سے 
me‏ 
.مت 

r 9 
ome? 
^. 
A 


0 


1 


cei 


- 
se 


۱۲۱ d 


in 


ui 


EH DO € 
fu 


Lii 
L- 


pale pode 


E 


= 
- 


ra Tú a ۵ 


EL 
ur on 


ul 


in 


ul 


-— 


Dare 7 
"TESTEM CSI 
3 fal 


۳1 RM لا‎ 
09 1 S o 
لما‎ 


un 
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1.13 Table 12 - Journal Bearing Calculation, Constantinescu et 


1121 Jahn V. Amy Jr. 
Trrust Bearing Design ó December is? 
TILTING PED, اا د‎ TIN-ERONZE,. SEA WATER FLODDED JOURNAL BEARING 
This journal bearing design is based an the text, Sliding Bearings 
By Constantinescu, et áil., The inputs te this analysis come from 
the Wilcock analysis. Integration of differential equations is 
pertorimed using Euler integrations. A lenticulated rectanguiar 
journal bearing pad is assumed. 
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DIRE LACES m This is Hilcock’s minimum film thicknmes=. 
رو‎ 786 This is the pad iength. 
22 ۶ This is the pad width. 
۱۱۳۱2 ۳ IGE TIE fto/s This is lubricant kinematic viscosity at Tamb. 
ho- 1.98283 lbf zg/ftà This is lubricant density at Tamb. 
p= SISTER This is the shaft speed. 
i= 644 pads ihis is the number af thrust searing pads. 
iamb- ga عاج‎ This 15 the ambient lubricant temperature. 
خی 2 21 ۰ :ما‎ ۱ ihis i5 the thrust Berne by the bearing. 
Fai TSA. Fa ihis is the Bearing pressure, 
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Sm-ó6.Gààó6041 
Gx car=0. 056924 Nen-dimeneionalised lubricant flux rate 
۰۰۱ 5 ۳ت‎ 7 Neon-dimenszienalised Triction force at yah 
Em 58۴20. Nen-dimensienalised friction farce at v-h 
TIS. TI Friction coefficient at y=) 
PPA OSS Friction coetf?icient at v-h 
(nese Coefficients can pew se comnared with experimental values. 
see the reference. Constantinescu et al. pages ت تھے . .ت238‎ and pa E, 
CALCULATIONS ^"rimes denote initial estimates. 
ML 5ل‎ m This is the inlet fiim thickness. 
E رات‎ Vo m TRIS 18 the autiet fiim thickness, 
۳۱ 08ء 21ج‎ THiS 15 the maximum departure from flat piate. 
Delta/bp 1s assumed here to De 0.97. 
hnius ا انات‎ n This is ta provide estimate of hmin. It shouid 
se greater than 25.4 micrometers. 
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The nreceeding values are baszed on Wilcock'z hmins alpha. E. 
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foo 010-6 mm [his is the design inlet film thickness. 
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1.19 Table 14 - Stator Ring Force and Moment Calculations 


Thesis dann Ve Amy ur. 
Zuppert Structure Design Stator Rings 13 December 1787 
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1.16 Figure 2 - Stator Ring Shear Diagram 


Shear Diagram for Stator Rings 
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1.17 Figure 3 - Stator Ring Bending Moment Diagram 


Bending Moment Diagram for Stator Rings 
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1.18 Table 15 - Combined Stator Support Structure Calculations 
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Inputs:‏ 
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see thesis notes dated 12-14 December 1987 and 17 December 1999 far‏ 
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B Comparative Acoustic Analysis Calculations 
EEL OTHEP 
2.1.1 OTHEP Sources 


Based on the description of the OTHEP propulsion system in 
section 3.2.1, the sources listed below will cause the vibra- 
tıons leadıng to radıated noise. 


2.1.1.1 Rotor Source 


۱۲ the instance of OTHER, the rotor is not rigidly con- 
nected to the stator, or to a motor casing as in conventional 
geometry electric motors. Instead, rotor vibrations are 
ENSUSmirtted to that portion Of the hull contiguous with the 
propeller hub. This portion of the hull then radiates into 
the sea-water. Hence, the rotor and its mounting to the 
propeller hub structure will act as an acoustic source with a 
path separate from the rest of the equipment which is rigidly 
connected to the pressure hull. 


It is a simplification to say that equilibrium of forces 
requires that the forces which act on the stator are the 
forces that act on the rotor, only in the opposite direction. 
Hence, the total source level for an electric motor will be 
equally divided between the rotor and the stator in this 


instance, recognizing that this is quite a simplification. 


Whereas the rotor is outside of the pressure hull, only 
structureborne noise will be considered. The structureborne 
source level for the rotor is given by the table shown below. 
The values in the table are taken from Table 3 of section 
4.2.4. The values are adjusted to reflect the rotor source 
level By subtracting 6dB from the values in that table. For 
acceleration levels, subtracting 6dB corresponds to halving 
the magnitude of the acceleration. 


solei — Propulsion Motor Rotor 
Structureborne Noise Source Levels 
(in dB re 1073 cm/s?) 


Octave Band Center Frequency (Hz) 
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2.1.1.2 Stator Source 


Since the stator is also outside of the pressure hull, 
only the structureborne noise source levels of the stator 
will be considered. The same method as used for the rotor in 
the preceeding section is used here for the stator. Whereas 
the rotor is mounted to the propeller hub and is considered 
separately from the rest of the submarine, the stator is con- 
nected to the pressure hull and ıts interaction with the hull 
must be considered. 


mente | — Propulsion Motor Stator 
Structureborne Source Noise Levels 
Cin dB rea {10 ۰ cm/s™) 


Octave Band Center Frequency (Hz) 
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Q.1.1.3 Generator Steam Turbine Sources 


The equation below shows the baseline airborne noise 
source level radiated by the steam turbine which drives the 
generator. This equation is taken from equation 4.3.1.3.1. 


Luprurine = 60 + 10log(27, 000kW )=104.3 dB re 10 "W 81 


There are two such 287MW turbine-generators in the plant. 
Hence, this source level applies to each turbine-generator. 
The octave band adjustments to this baseline airborne source 
level are taken from Table 1 of section 4.3.1.3. The table 
shown below provides the octave band airborne source levels 
for the turbines. Note, a static exciter is assumed for the 
generator. 


Table 1 — Turbine Generator 
Airborne Noise Source Levels 
(in dB re 107? Ww) 


Octave Band Center Frequency (Hz) 
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As discussed in section 4.3.1.3, the structureborne 
source level for the turbine generators is dominated by the 
generator itself. See the following section. 


2.1.1.4 Generator Sources 


The equation below shows the baseline airborne noise 
source level radiated by the generators. This equation is 
pen from equation ۰ 3۰ 1 ه 1 ه هم‎ 


Lungen = 34+ 10log(27,O000kKW)+7log(3600rpm)=103.2 dB re 10 “W Hi 


The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.5.1. 
The table shown below provides the octave band airborne 


source levels for the generator. 


Table 1 - Generator 
Airborne Noise Source Levels 
(in dB re 1073" W) 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline structureborne 
noise source level radiated by the generator. This equation 
is taken from equation 4.3.1.5.1.2. 


Lasa = 42+ 10log(27, 000k )+7log(3600rpm)=111.2 dB re 10°% #2 


g? 
The octave band adjustments to this baseline structure- 
borne source level are taken from Table 2 of section 
4.3.1.5.1. The table shown below provides the octave band 


structureborne source levels for the generator. 


Table 2 - Generator 
Structureborne Noise Source Levels 
(in dB re 10^? cm/s?) 


Octave Band Center Frequency (Hz) 
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2.1.1.5 Sea-Water Cooling/Lubrication Pump 


The equation below shows the baseline airborne noise 
source level radiated by the sea-water cooling/lubrication 


pump. This equation is taken from equation 4.3.1.4.1. 
ہی۔۔7‎ ^ 13 * 1Ol1og (187.7 HP)* 18log(1200rpm)- 83.9 dB re I0 wW Hl 


The octave band adjustments to thıs baseline airborne 
source level are taken from Table 1 of section 4.3.1.4. The 
table shown below provides the octave band airborne source 
levels for the pump. A centrifugal pump is assumed. 


Table 1 - Sea-Water Cooling/Lubrication Pump 
Airborne Noise Source Levels 
Cin dB re 1071S W) 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline structureborne 
noise source level radiated by the sea-water cooling/lubrica- 
tion pump. This equation is taken from equation 4.3.1.4.2e. 


Lappamp = 60+ 1Olog(187.7HP)=82.7 dB re DN 02 


The octave band adjustments to this baseline structure- 
borne source level are taken from Table 28 of section 4.3.1.4. 
The table shown below provides the octave band structureborne 


source levels for the sea-water cooling/lubrication pump. 


Table 2 - Sea-Water Cooling/Lubrication Pump 
Structureborne Noise Source Levels 
(in dB re 1073 cm/s?) 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline airborne noise 


source level radiated by the sea-water cooling/lubrication 
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pump drive motor. án induction motor is assumed to be the 
pump's drive motor. This equation is taken from equation 
a o.c.l. 


=5+13log(187.7HP)+15log(1200rpm)=80.8 dB re 10 "iy H3‏ ہوووبں 


The octave band adjustments to this baseline airborne 
Source level are taken from Table 1 of section 4.3.1.5.2. 
The table shown below provides the octave band airborne 
source levels for the pump drive motor. 


Table 3 - Sea-Water Cooling/Lubrication Pump Drive Motor 
Airborne Noise Source Levels 
(o dB re TO += WY) 


Octave Band Center Frequency (Hz) 
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The structureborne noise source level for electric motors 
are taken from Table 2 of section .3.1.5.2. The table shown 
below provides the octave band structureborne source levels 


for the sea-water cooling/lubrication pump drive motor. 


Table 4 - Sea-Water Cooling/Lubrication Pump Drive Motor 
Structureborne Noise Source Levels 
(in QB re 107 cm/sè) 


a 


Octave Band Center Frequency (Hz) 
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Whereas the pump and its drive motor are essentially a 
single unit and will be mounted as a single unit, the source 
level of the’entire unit will be the "logarithmic sum” of the 
Source levels of the pump and its drive motor. The 
"logarithmic sum" refers to the computation involved in 
combining source levels that are given in decibels. For 
example, the combined acceleration level of a 12dB source and 
a 15dB source ıs not 27dB. Rather, the magnitude of the two 
accelerations must be added, then the logarithm of that sum 
multiplied by 20 will yield the correct acceleration level; 
19.7dB. This combination of accelerations followed by the 
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computation of the acceleration level in decibels of the 
combined accelerations will be refered to as "logarithmic 
addition.” The tables below show the airborne and structure- 


borne noise source levels for the complete pump unit. 


Table 5 - Sea-Water Cooling/Lubrication Pump Unit 
Airborne Noise Source Levels 
(in dB re 100-322 W) 


Octave Band Center Frequency (Hz) 
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mole G&G — Sea-Water GCooling/Lubrication Pump Unit 
Structureborne Noise Source Levels 
(in dB re 107% cm/s”) 


Octave Band Center Frequency (Hz) 
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2.1.2 OTHEP Paths 
2.1.2.1 Structureborne Noise Excited by Airborne Noise 


The airborne noise within the engineroom can excite 
vibrations in the hull. Hence, the sound pressure level 
within the engineroom must be computed. This requires two 
calculations. First, the "room constant” must be calculated 
in accordance with section 7.2.2 of reference [7]. Second, 
the sound pressure level within the space, due to the equip- 


ment operating within the space, must be calculated. 


Based on the arrangement drawings of the baseline subma- 
rine and the methods of section 7.2.2 of reference [71], the 
room constant for the baseline submarine's main engineroom is 
shown in the table below. No acoustic damping materials will 


be considered in the comparative analysis. 
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Octave Band Center Frequency (Hz) 
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The next step is to calculate the reverberant sound 
pressure level in the space. Note, direct field sound 
pressure levels will not be computed. Only the revereberant 
field will be computed. To find the reverberant sound 
pressure level, the equation below must be used. The 
equation is taken from reference [7] section 7.2.2. 


QB re 6 HI‏ 6 +(2) 10106 ۔ پا - ما 


In this expression, Le represents the reverberant sound 
pressure level. Ly represents the sound power level which is 
the "logarithmic sum" of all of the airborne noise sources in 
the space. R represents the room constant. The table below 
Shows the resultant sound power level due to the turbines, 
generators and sea-water cooling/lubrication pump located in 


the baseline submarine's engineroom. 


Table 2 - OTHEP Engineroom Reverberant 
Sound Power Levels, Lu 
Gn dB re 


Octave Band Center Frequency (Hz) 
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These Values for Ly dnd the values for R in Table 1 are 
substituted into equation 1 to yield the sound pressure 


levels shown in the table below. 
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Table 3 - OTHEP Engineroom Reverberant 
Sound Pressure Levels, Le 
(in dB re 20 microPa) 


Octave Band Center Frequency (Hz) 
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Knowing the reverberant sound pressure level, Le, permits 
calculation of the structural vibrations excited by the 
airborne noise. First, though, the transfer function 
described in section 4.3.2.2 must be calculated. ia. this 
instance, the pressure hull is the structure being excited 


mca vibration. Hence, it is a "wetted” structure. 


The area of a panel is taken to be a square whose side 
equals the pressure Hull frame spacing, e.sft in this case 
(Appendix A). Hence, the area of a panel, As») is 6.۵5۴ 
The panel length to width ratio, a, is i in this case. Equa” 
tion 4.3.2.2.3 provides the transfer function for wetted 
steel using the panel characteristics listed here. The table 


below shows the transfer function. 


Table 4 - OTHEP Engineroom Airborne-to-Structureborne 
Transfer Function (in dB) 


Octave Band Center Frequency (Hz) 


$ 
1-47 —-43 -39 - 2 -32 -29 -26 -22 -19 


تج 














From the reverberant sound pressure level and the 
meas tenaefume tion, the fercited Structural vibration level can 


be calculated. 


Lac=Lp+TF dB re Du 82 


Using the relationship in equation 2, the table shown 
below is the acceleration level in the pressure hull due to 


airborne ۱۱۵ ۱ 5۵-۷ 1 60 vibrations. 
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Table 5 — OTHEP Engineroom Airborne Noise-Excited 
Structureborne Noise Levels 
(in GB re 10° "Em se) 


Octave Band Center Frequency (Hz) 


These structureborne noise levels must be included as if 


they were noise generated by a separate source. 
2.1.2.2 Rotor Source Structureborne Noise 


From the rotor configuration described in Chapter 3, the 
precise mounting of the rotor core to the rotor structure has 
not been described. Hence, hard mounting, low frequency iso- 
lation mounting and high frequency isolation mounting will be 
considered. It seems most likely, though, that hard mounting 
would be implemented in light of the canned-rotor solution to 


the sea-water protection problem. 


Furthermore, the rotor structure is both the foundation 
and the hull structure as far as the rotor structureborne 
noise source is concerned. Hence, the vibration level at the 
top of the rotor foundation will be taken as the vibration 
level for the radiating panels. This implies that the foun- 
Eto transfer: function will mot be used, Th eeundarion 
Oa . 


The rotor qualifies as a Class III (over 10,0001lbs) piece 
of machinery. The rotor structure would qualify as a Type B 
foundation. The vibration levels in the rotor’s portion of 
hull are calculated using the structureborne noise source 
levels in section B.2.1.1.1 and the machinery attachment 


Ze ogstersunetions. from ’section 4à&.3.o0.1.1. 


un = Lee 3 TEF mount H 1 
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Table 1 — OTHEP Hull Acceleration Levels 
in the Rotor Segment 
(in dB re 107% cm/s”) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount 


2.1.2.3 Stator Source Structureborne Noise 


The stator configuration is similar to the rotor; how- 
ever, there are some important differences. These differ- 
ences lie chiefly in the path from the source to the sea. In 
the rotor, there is essentially only the mounting between the 
source and the panel which vibrates into the sea. With the 
stator, the vibrations must travel along hull structure 
before being radiated into the sea. 


The stator qualifies as a Class III (over 10,0001bs) 
piece of machinery. The pressure hull structure to which the 
stator is mounted would qualify as a Type B foundation. 

Using the structureborne noise source levels in section 
B.2.1.1.2 and the machinery attachment transfer functions 
from section 4.3.2.1.1, the vibration levels at the stator’s 
mounting to the pressure hull are calculated using the equa- 
tion shown below. 


AS 8 1‏ سو و 


The stator is mounted directly to the pressure hull. 
EES 55 505156835853 ار‎ transfer function is Called Tor» lFroeun— 
Peso = 0818. The most important path of the structureborne 
noise will be axially along the pressure hull to the hull 
envelope plating. 


The path consists of a right angle from the stator mount- 
ing into the pressure hull plating. The pressure hull plat- 
ing is followed for one frame spacing before the next 
intersection.--It continues through a "TF"—-junction at a 
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pressure hull frame before continuing for one frame spacing 
to a "Cross" junction. At this cross junction, a pressure 
hull frame lies radially inward and an MBT stiffener lies 
radially outward. The path makes a right angle turn into the 
stiffener and so continues to the hull envelope plating. All 
of the structure along this path is "wetted". 


The transfer function for this path through the structure 
is calculated using the method described in section 
> A PS The equation below shows the transfer function 
calculation for the path described above. The pressure hull 
plating will be taken as being one inch thick, the framing 
and stiffener at 0.75 inches thick. 


TF,auan 7B*BrL;*6*B: L,*8*B- (Ra 7 Ra)924.4 AB #2 


For a dissipative loss coefficient of O.3dB/ft, a frame 
spacing of 2.5ft, an envelope radius of 10ft, and a pressure 
hull radius of 7 feet, the entire structure transfer function 
becomes 24408 . This leads to the hull vibration levels at the 
aft end of the aft MBT shown in the table below. 


Table 1 - OTHEP Hull Acceleration Levels 
At Aft MBT Due to Stator Source 
Cima ose woe هرن‎ 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM - Low Frequency Isolation Mount 


2.1.2.4 Turbine-Generator Structureborne Noise 


From the arrangement drawing of the baseline design ın 
Appendix A, the turbine-generator unit is seen to be mounted 
on a common foundation. ln this configuration, all four of 
the machinery attachments discussed in section 4.3.2.1.1 
could be used. Furthermore, the foundation is attached 
directly to the pressure hull. Hence, the vibration level at 
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ame Battom of the foundation will Be taken to be the hull 
vibration level. Therefore.» wemstructure transfer function 
Neme used» Mrs +. uesruara سے‎ ٦ 


The turbine-generator unit is taken to be a Class III 
machinery (over 10,0001bs). ۱ MS Om. 3 Type 9 ۲۱۵۲۱۵ ۵ - 
Eon. To find the hull acceleration levels due to the 
turbine-generator unit, the mounting and foundation transfer 
functions are simply subtracted from the generator source 
level. This source level is the source level given in Table 
Bear section B.2.1.1.24. 


The table shown below represents the hull acceleration 
levels due to the turbine-generators. 


Table 1 - OTHEP Hull Acceleration Levels 
Due to Turbine Generator 
(in dB re 10-7? cm/s*) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


2.1.2.5 Sea-Water Cooling/Lubrication Pump Structureborne 
Noise 


From the arrangement drawing of the baseline design in 
Appendix A, the sea-water cooling/lubrication pump unit is 
seen to be mounted on a common foundation. lina this 9۱۱ ۱ 
ration, all four of the machinery attachments discussed ın 
section 4.3.2.1.1 could be used. Furthermore, the foundation 
is attached directly to the pressure hull. Hence, the vibra- 
tion level at the bottom of the foundation will be taken to 
be the hull vibration level. Therefore, no structure 


monster 6م6221‎ will be used. IF arruc rure = OdHB. 





۱۳ 5 95 5۵ ۰ 2 تا ۱ ۳۸ نات‎ ۱ 5 ۵ pump unit is a Class II 
machinery (over 10001bs and under 10: 0001 0 5 ( . It Will OA 
EI cec B Foundation. To find the hull acceleration levels 
due to the pump unit, the mounting and foundation transfer 
functions are simply subtracted from the sea-water cool- 
ing/lubrication pump unit structureborne source level. This 


source level is the source level given in Table 6 of section 
Brew .1.25. 


The table shown below represents the hull acceleration 
levels due to the sea-water cooling/lubrication pump unit. 


Table 1 - OTHEP Hull Acceleration Levels 
Due to Sea-Water Cooling/Lubrication Pump Unit 
(in dB re 10"? cm/se) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


2.1.3 OTHEP Radiation 


Now that all of the hull accelerations due to the equip- 
ment being studied have been calculated, the amount of acous- 
tic energy radiated into the sea-water must be found. Hence; 
the transfer function developed in section 4.3.2.1.4 will be 


used. First, though, the coincidence frequency must be calcu- 
lated. 


Using equations 4 . 3 . 2 . 1 . 4 . 24 وج‎ shown below, the coinci- 
dence frequency and wavelength can be determined. 


9300 
= —_—— T ^ = ٠ * ELSE 20.93 7 RI 
fe "3314 Ha  A,=0.529-1.7Sin f 


Based on this calculation, the octave bands whose center 
frequencies are 31.5, 63, 125, 250, 500, 1000, and 2000۳2 will 
all be below coincidence and use the radiation efficiency 
given Dy equation 4 . 3.2.1.4 . .3ك‎ (P is taken to be 10ft, 4 x 
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ciar E.) The octave band whose center frequency is 4000Hz will 
lie within the coincidence range and use the radiation effi- 
ciency given by equation 4.3.2.1.4.22. Lastly, the octave 
band whose center frequency is 8000Hz will lie above the 
coincidence range and use the radiation efficiency given by 
equation 4.3.2.1.4.21. Ten times the log of these radiation 
efficiencies are shown in the table below. 


Table 1 - OTHEP Radiation Efficiencies 
(in dB) 


Octave Band Center Frequency (Hz) 
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These values of ten times the log ta the base ten of the 
radiation efficiency must be added to the remainder of the 
expression for the radiation transfer function, equation 
4.3.2.1.4.20. All of the alternative propulsion systems have 
the same hull, hence, the area of a radiating panel will be 
the same throughout this comparative study. The potential 
change in the radiation transfer function comes in the number 
of panels excited by the different pieces of equipment and the 
Gifferent propulsion systems. In the case of the sound 
radiated by the OTHEP rotor, roughly 88 panels will be 
exicited. The resulting radiation transfer function is shown 


below. 


Table 28 - OTHEP Rotor Segment 
Radiation Transfer Function 
(in dB) 


Octave Band Center Frequency (Hz) 
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When this radiation transfer function is applied to the 
acceleration levels in the rotor segment, Table 1 in section 
B.2.1.2.2, the sound power level radiated by the rotor segment 
into the sea results. This 1s shown below. 
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Table 3 - QTHEP Rotor 
Radiated Sound Power Levels 
(in dB re 1073" W) 


Octave Band Center Frequency (Hz) 
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DE hard Mount HEM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount 


When determining the radiation transfer function for the 
Stator structureborne noise, roughly 45 panels will radiate 
sound. When the resultant radiation transfer function is 
applied to the acceleration levels at the aft MBT, Table 1 in 
section B.2.1.2.3, the sound power levels radiated into the 
sea by stator structureborne noise result. These sound power 
levels are shown below. 


Table 4 - OTHEP Stator 
Radiated Sound Power Levels 
(in dB re 1071 W) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount 


When determining the radiation transfer function for the 
turbine-generator structureborne noise, roughly 69 panels will 
radiate sound. When the resultant radiation transfer function 
is applied to the acceleration levels arising from the 
turbine-generator vibrations, Table i in section B.2.1.2.4; 
the sound power levels radiated into the sea by the turbine- 
generator structureborne noise result. These sound power lev- 
els are shown below. 
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Table 5 - OTHEP Turbine-Generator 
Radiated Sound Power Levels 
(in dB re 1071" W) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 


LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


When determining the radiation transfer function for the 
sea-water cooling pump unit structureborne noise, roughly 17 
panels will radiate sound. When the resultant radiation 
transfer function is applied to the acceleration levels aris- 
ing from the sea-water cooling pump unit vibrations, Table 1 
in section B.2.1.2.5, the sound power levels radiated into the 
sea by the sea-water cooling pump unit structureborne noise 
result. These sound power levels are shown below. 


Table 6 - OTHEP Sea-Water Cooling Pump Unit 
Radiated Sound Power Levels 
im scone rel Os د‎ nd 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


When determining the radiation transfer function for the 
airborne noise induced structureborne noise, roughly 31^ pan- 
els will radiate sound. When the resultant radiation transfer 
function is applied to the acceleration levels arising from 
the airborne noise induced structural vibrations, Table 5 in 
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Section Bees,l.2.1, the sound power levels radiated into the 
sea by the airborne noise induced structureborne noise result. 
These sound power levels are shown below. 


Table 7 - OTHEP Airborne Noise-Excited 
Radiated Sound Power Levels 
(in dB re 10712 W) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


To find the total radiated sound power level, the "loga- 
rithmic sum" of all of the radiated sound power levels must be 
computed. When this is done, the total radiated sound power 
level for the OTHEP propulsion system is found. The total 
radiated sound power level is shown below. 

Table gd - OTHEP Total 
Radiated Sound Power Level 
(1n dB moslo cien w) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


It is important to note that in this result, the stator 
and rotor of the propulsion motor are assumed to be mounted by 
only the first three means shown above. It does not seem 
possible to used two-stage mounting in the motor configuration 
that has been developed. This is not to say that it is impos- 
sible to use a two-stage mount, but, rather, without embarking 
On a feasibility study of such a mount, its use will be 
discounted. 
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One additional note, two turbine-generator units are 
mncded in the calculation of Both the airborne noise level 
and the structureborne noise level. 


2.2 Electric Drive With Conventional Propeller 
2.2.1 Electric Drive Sources 


Based on the description of the electric drive with con- 
ventional hub-to-diameter ratio propeller propulsion system in 
section 3.2.2, the sources listed below will cause the 


vibrations leading to radiated noise. 
2.2.1.1 Propulsion Motor Source 


In contrast with OTHEP, the propulsion motor is located 
within the pressure hull, inside the engine room. It is 
mounted on a foundation that sits on the pressure hull. The 


motor is connected to a rotating shaft. 


The equation below shows the baseline airborne noise 
source level radiated by the electric drive propulsion motor. 
An AC motor is assumed to be the propulsion motor. Its speed 
is taken to be 120rpm. This equation is taken from equation 
2315 aden. 1. 


Luneeuta = 5+ 13l0g(25,750HP)+ 1Slog(120rpmj=93.5 5 ۷۴ Hl 


The octave band adjustments to thıs baselıne airborne 
source level are taken from Table 1 of section 4.3.1.5.2. 
The table shown below provides the octave band airborne 


source levels for the electric drive propulsion motor. 


|1 l — Electric Drive Propulsion Motor 
Airborne Noise Source Levels 
(in dB re 1073" W) 


Octave Band Center Frequency (Hz) 
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The structureborne noise source level for electric motors 
is taken from Table 2 of section 4.3.1.5.2. The table shown 
below provides the octave band structureborne source levels 
for the electric drive propulsion motor. 
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2.2.1.2 Generator Steam Turbine Sources 


The equation below shows the baseline airborne noise 
source level radiated by the steam turbines which drive the 
electric drive generators. This equation is taken from equa- 
۳ G.5-1.3.1. 


Lugou = 60+ 10log(27,000kW)=104.3 dB re 10 ۷ H1 


There are two such 27MW turbine-generators in the plant. 
Hence, this source level applies to each turbine-generator. 
The octave band adjustments to this baseline airborne source 
level are taken from Table 1 of section 4.3.1.3. The table 
shown below provides the octave band airborne source levels 
for the electric drive turbines. Note, a static exciter is 
assumed for the generators. This is the same electrical gen- 


eration plant as the OTHEP plant. 


Table 1 - Electric Drive Turbine-Generator 
Airborne Noise Source Levels 
(in dB re 1071" W) 


Octave Band Center Frequency (Hz) 
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As discussed in section 4.3.1.3, the structureborne 
source level for the electric drive turbine-generators is 
dominated by the generator itself. See the following 


section. 
2.2.1.3 Generator Sources 


The equation below shows the baseline airborne noise 
source level radiated by the electric drive generators. This 


equation is taken from equation 4.3.1.5.1.1. 


alg 
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The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.5.1. 
The table shown below provides the octave band airborne 
source levels for the electric drive generators. 


Table 1 - Electric Drive Generator 
Airborne Noise Source Levels 
(in dB re 1077 W) 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline structureborne 
noise source level radiated by the electric drive generators. 


This equation is taken from equation 4.3.1.5.1.2. 


Lage) 7 42* 1010g(27,000kW/)* 7log(3600rpm)-111.2 dB re 0 $2 


The octave band adjustments to this baseline structure- 
borne source level are taken from Table 2 of section 
SIC ol. The table shown below provides the octave band 
structureborne source levels for the electric drive genera” 


Lors. 
Table 2 - Electric Drive Generator 
Structureborne Noise Source Levels 
Gn dB re lO 3 E753) 
Octave Band Center Frequency (Hz) 
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2.2.1.4 Propulsion Motor Cooling Water Pump 


The equation below shows the baseline airborne noise 
source level radiated by the electric drive propulsion motor 
cooling water pump. This equation is taken from equation 
A dst vg. 


Lwneapmp = 15+ 10l0g(37.SHP)* 1Slog(1200rpm)=76.9 dB re 10 ۷ Hl 


The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.4. The 
table shown below provides the octave band airborne source 
levels for the electric drive propulsion motor cooling water 


pump. A centrifugal pump is assumed. 


Table 1 —- Electric Drive Propulsion Motor Cooling Water Pump 
Airborne Noise Source Levels 
(Cin QB Fe 107213 VW) 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline structureborne 
noise source level radiated by the electric drive propulsion 
motor cooling water pump. This equation is taken from 
equation 4.3.1.4.2. 


Lapeapm) 760+ 1010G(37.5HP)=75.7 dB re ig 42 





The octave band adjustments to this baseline structure- 
borne source level are taken from Table 2 of section 4.3.1.4. 
The table shown below provides the octave band structureborne 
source levels for the electric drive propulsion motor cooling 


water pump. 


lc coETPectric Decive Propulsion Motor Cooling Water Pump 
Structureborne Noise Source Levels 


(in dB re 1077 cm/s*) 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline airborne noise 
source level radiated by the electric drive propulsion motor 
cooling water pump drive motor. An induction motor is 
assumed to be the pump’s drive motor. This equation is taken 
۱۱ لت‎ tom ۰ ه 1 هد ه 1 و‎ 
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The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.5.2. 
The table shown below provides the octave band airborne 
source levels for the electric drive propulsion motor cooling 
water pump drive motor. 


Table 3 - Electric Drive Propulsion Motor 
Cooling Water Pump Drive Motor 
Airborne Noise Source Levels 
Cin. Gs res. 


Octave Band Center Frequency (Hz) 
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The structureborne noise source level for electric motors 
are taken from Table 2 of section 4.3.1.5.8. The table shown 
below provides the octave band structureborne source levels 


for the electric propulsion motor cooling water pump drive 





no vor. 
Table 4 — Electric Drive Propuision Motor 
Cooling Water Pump Drive Motor 
Structureborne Noise Source Levels 
CIR GB TE T07? cm/S=) 
Octave Band Center Frequency (Hz) 
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Whereas the pump and its drive motor are essentially a 
single unit and will be mounted as a single unit, the source 
level of the entire unit will be the "logarıthmic sum" of the 
source levels of the pump and its drive motor. The tables 
below show the airborne and structureborne noise source 


levels for the complete pump unit. 


sel 


۱3:3 3 — Electric Dr:ve Propulsion Motor 
Cooling Water Pump Unit 
Airborne Noise Source Levels 
(in dB re 10-13 W) 


Octave Band Center Frequency (Hz) 
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2.2.1.5 Propulsion Motor Lubrication 011 Pump 


The equation below shows the baseline airborne noise 
source level radiated by the propulsion motor lubrication oil 
pump. This equation is taken from equation 4.3.1.4.1. 


Lugeqtopnp ^ 139 * LOlag¢(7.4AP)+ 13log(1200rpm)- 69.9 dB re l0 "WV HI 


The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.4. The 
table shown below provides the octave band airborne source 
levels for the electric drive propulsion motor lubrication 
oil pump. A gear pump is assumed. 


Table 1 - Electric Drive Propulsion Motor 
م5 6159531555011 185 اا‎ 
Airborne Noise Source Levels 
Gn dS ve lO T> لا‎ 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline structureborne 
noise source level radiated by the electric drive propulsion 
Por lubrication oil pump.: This equation is taken from 
auatıon 4.3.1.4. 2. 


2-5 6 
g* 


Lspearopmp 760+ 1010Q(7.4HP)=68.7 dB re 10 H2 


The octave band adjustments to this baseline structure- 
borne source level are taken from Table 2 of section 4.3.1.4. 
The table shown below provides the octave band structureborne 
source levels for the electric drive propulsion motor lubri- 
۴۳ 1 0۳ pump. 
cec << Electric Drive Propulsion Motor 

AUD ۱ 3 ۰ 1۵۳ O rump 
Structureborne Noise Source Levels 
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The equation below shows the baseline airborne noise 
source level radiated by the electric drive propulsion motor 
٣۰ں ول« نه سه‎ Oll pamp drive motor. An indeetionzmotor is 
assumed to be the pump's drive motor. This equation is taken 


۱۱۱ ۱ نات‎ 3 ۱۵۳ 4.3.1.9.2.1. 
Lweeswpem = 5+13log(7.4HP)+1Slog(1200rpm)=62.5 dB re 10 VW H3 


The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.0.2. 
The table shown below provides the octave band airborne 
source levels for the electric drive propulsion motor ldubri-. 


22 n Oil pump drive motor, 
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maple 3 = Electric Drive Propulsion Motor 
esmication Dil PO Drive Motor 
Airborne Noise Source Levels 
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Thecstructureborne noise source lével for electric motors 
are taken from Table e of section 4.3.1.5.8€. The table shown 
below provides the octave band structureborne source levels 


Bor the electric propulsiam motor lubrication oil pump drive 
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Whereas the pump and its drive motor are essentially a 
Single unit and will be mounted as a single unit, the source 
level of the entire unit will be the "logarithmic sum" of the 
source levels of the pump and its drive motor. The tables 
below show the airborne and structureborne noise source 


levels for the complete pump unit. 
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"EGG 5 — Electric Drive Propulsigdgg" Motor 
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Structureborne Noise Source Levels 
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2.2.2 Electric Drive Paths and Radiation 
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2.2.2.1 Airborne Noise-Excited Structureborne Noise 


The airborne noise within the engineroom can excite 
vibrations in the hull. Hence, the sound pressure level 
within the engineroom must be computed. This requires two 
calculations. First, the "room constant" must be calculated 
in accordance with section 7.2.2 of reference (71. Second, 
the sound pressure level within the space, due to the equip- 


ment operating within the space, must be calculated. 


The room constant for the baseline submarine, OTHEP, will 
be the same for the electric drive variant and the geared- 
turbine drive variant. This is because the enginerooms are 
precisely the same. Based on the arrangement drawings of the 
baseline submarine and the methods of section 7.2.2 of refer- 
ence [7], the room constant for the baseline submarine’s main 
engineroom is shown in the table below. No acoustic damping 
materials are allowed in the comparative analysis. 


Table 1 - Electric Drive Engineroom Room Constants - R 
3 ESD 


Octave Band Center Frequency (Hz) 
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The next step is to calculate the reverberant sound 
pressure level in the space. Note, direct field sound 
pressure levels will not be computed. Only the reverberant 
field will be computed. To find the reverberant sound 
pressure level, the equation below must be used. The 
equation is taken from reference [7] section 7.2.c. 


5-5 





Lp=Ly- lOlog(R)+ 16 To re 20uPa Hl 


In this expression, Ls represents the reverberant sound 
pressure level. Ly represents the sound power level result- 
Io om the “logarithmic sum" of all of the airborne noise 
sources in the space. R represents the room constant. The 
table below shows the resultant sound power level due to the 
propulsion motor, turbines, generators and sea-water cool- 
ing/lubrication pump located in the electric drive submari- 
ne’s engineroom. 


Table 2 - Electric Drive Engineroom 
Reverberant Sound Power Level 
{in dB re 107!"W) 


Octave Band Center Frequency (Hz) 
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These values for Ly and the values for R in Table 1 are 
substituted into equation 1 ta yield the sound pressure 
levels shown in the table below. 


Table 3 - Electric Drive Engineroom 
Reverberant Sound Pressure Levels 
(in dB re 20 microPa) 


Octave Band Center Frequency (Hz) 
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Knowing the reverberant sound pressure level, Le, permits 
calculation of the structural vibrations excited by the 
airborne noise. First, though, the transfer function 
described in section 4.3.2.2 must be calculated. In this 
instance, the pressure hull is the structure being excited 


MtO vibration- Hence, it 1s a "wetted” structure. 


The area of a panel is taken to be a square whose side 
equals the pressure hull frame spacing, 2.95ft in this case 
(Appendix A). Hence, the area of a panel, A,» ıs 6.20ft*". 
The panel length to width ratios وه‎ 15 1 in this case. Equa- 
tion 4.3.2.2.3 provides the transfer function for wetted 


ono 





EUCCICusing the panel characteristics listed here. The table 
below shows the transfer function. Note, this is the same as 
that of the baseline submarine, QOTHEP. 


Table 4 - Electric Drive Engineroom 
Airborne-to-Structureborne Transfer Function (in 
dB) 

Octave Band Center Frequency (Hz) 
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From the reverberant sound pressure level and the 
transfer function, the airborne noise-excited structural 
vibration level can be calculated. 

-3cm 
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Lax” LptTF dB re 0 


Using the relationship in equation 2, the table shown 
below is the acceleration level in the pressure hull due to 


airborne noise-excited vibrations. 


Table 5 - Electric Drive Engineroom 
Airborne Noise-Excited Structureborne Noise Levels 
(in dB re 107"cm/s*) 


Octave Band Center Frequency (Hz) 
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These structureborne noise levels must be included as if 


they were noise generated by a separate source. 


When determining the radiation transfer function for the 
airborne noise-excited structureborne noise, roughly 314 pan- 
els will radiate sound. When the resultant radiation trans- 
fer function is applied to the acceleration levels arising 
from the airborne noise-excited vibrations, Table 3 above, 
the sound power levels radiated into the sea by the airborne 
noise-excited structureborne noise result. These sound power 


levels are shown below. 
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fate 6 "ETectric Drive د٢ 1ق لا لأ رع داي‎ 56-281 2 
Structureborne Noise Radiated Sound Power Levels 
(in dB re 1071" W) 


Octave Band Center Frequency (Hz) 
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2.2.2.2 Propulsion Motor Structureborne Noise 


The propulsion motor qualifies as a Class III (over 
10,0001bs) piece of machinery. The motor’s foundation would 
certainly qualify as a Type B foundation. Using the structu- 
reborne noise source levels in section B.2.2.1.1, the machin- 
ery attachment transfer functions from section 4.3.2.1.1, the 
foundation transfer functions from section 4.3.2.1.2, and an 
appropriate radiation transfer function, the radiated sound 
power level for the electric drive propulsion motor can be 


computed. 


When determining the radiation transfer function for the 
electric drive propulsion motor structureborne noise, roughly 
88 panels will radiate sound. Using the resultant radiation 
transfer function yields the sound power levels radiated into 
the sea by the propulsion motor structureborne noise. These 
sound power levels are shown below. 


Taste 1 — Electric Drive Propulsion Motor 
Radiated Sound Power Levels 
(in dB re 1071®> W) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 
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2.2.2.3 Turbine-Generator Structureborne Noise 


From the arrangement drawing of the electric drive subma- 
rine design in section 5.2.2, the turbine-generator unit is 
seen to be mounted on a Common foundation. In this 
configuration, all four of the machinery attachments dis- 
cussed in section 4.3.2.1.1 could be used. Furthermore, the 
foundation is attached directly to the pressure hull. Hence, 
the vibration level at the bottom of the foundation will be 
taken to be the hull vibration level. Therefore, no struc- 


ture transfer function will be used, TF apeu suwe > OdB. 


The turbine-generator unit is a Class III machinery (over 
10,0001bs). IE will sit ön a ١٥2٣۷ ٥ ۹۵٥١16 6 Tlo find the 
hull acceleration levels due to the turbine-generator unit, 
the mounting and foundation transfer functions are simply 
subtracted from the generator source level. This source 
level is the source level given in Table 2 of section 
3ءء ء87797‎ ۰ 


Using the structureborne noise source levels in section 
8.2.2.1 وت‎ the machinery attachment transfer functions from 
section 4.3.2.1.1, the foundation transfer functions from 
section 4.3.2.1.2, and the appropriate radiation transfer 
function, the radiated sound power level for the electric 
drive turbine-generator can be computed. Note, this is the 


same turbine-generator unit that is used in the OTHEP design. 


When determining the radiation transfer function for the 
electric drive turbine-generator structureborne noise; 
roughly 69 panels will radiate sound. Using the resultant 
radiation transfer function yields the sound power levels 
radiated into the sea by the turbine-generator structureborne 


noise. These sound power levels are shown below. 
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fable i - Electric Drive Turbine=Generator 
Radiated Sound Power Levels 
(in dB re 1071 W) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


2.2.2.4 Propulsion Motor Cooling Water Pump Unit Structure- 
borne Noise 


From the arrangement drawing of the electric drive subma- 
rine design in section 3.2.2, the propulsion motor cooling 
water pump unit is seen to be mounted on a common foundation. 
In this configuration, all four of the machinery attachments 
discussed in section 4.3.2.1.1 could be used. Furthermore, 
the foundatıon is attached directly to the pressure hull. 
Hence, the vibration level at the bottom of the foundation 
will be taken to be the hull vibration level. Therefore, no 
Sere tunel transfer function will be used; ٦٣۶ موی ے۔ی ےی‎ dB. 


The cooling water pump unit is a Class II machinery (over 
10001bs and under 10,0001bs). It will sit on a- lype ظط‎ foub- 
dation. To find the hull acceleration levels due to the 
cooling water pump unit, the mounting and foundation transfer 
functions are simply subtracted from the cooling water pump 
unit source level. This source level is the source level 
given in Table & of section B.2.2.1.4. 


Using the structureborne noise source levels in section 
B.2.2.1.4, the machinery attachment transfer functions from 
section 4.3.2.1.1, the foundation transfer functions from 
section 4.3.2.1.2, and the appropriate radiation transfer 
function, the radiated sound power level for the electric 
drive propulsion motor cooling water pump unit can be com- 
puted. 
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When determining the radiation transfer function for the 
electric drive propulsion moter™coeling water pump unit 
structureborne noise, roughly 16 panels will radiate sound. 
Using the resultant radiation transfer function yields the 
sound power levels radiated into the sea by the propulsion 
motor cooling water pump unit structureborne noise. These 
sound power levels are shown below. 

Table 1 - Electric Drive Propulsion Motor 
Cooling Water Pump Unit 
Radiated Sound Power Levels 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


2.2.2.3 Propulsion Motor Lubrication Oil Pump Unit Structure- 
borne Noise 


From the arrangement drawing of the electric drive design 
in section 5.2.2, the lubrication oil pump unit is seen to be 
mounted on a common foundation. 1۳ ۰] و5‎ conb:guratiops, all 
four of the machinery attachments discussed in section 
4.3.2.1.1 could be used. Furthermore, thes foundation is 
attached directly to the pressure hull. Hence, the vibration 
level at the bottom of the foundation will be taken to be the 
hull vibration level. Therefore, no structure transfer func- 


CONTALI be Used» TFerruecrtuse = OdB. 


The lcr ication oil pump ünit isaceCiass I machinery Cun- 
der 10001bs). It will sit on a Type B foundation. To find 
the hull acceleration levels due to the pump unit, the 
mounting and foundation transfer functions are simply sub- 
tracted from the propulsion motor lubrication oil pump unit 
structureborne source level. This source level is the source 


level given in Table 6 of section B.e.e.1.5. 
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Using the structureborne noise source levels in section 
۲ ۳ ۰ the Machinery aitteichment transfer functions from 
EEN GSCI, CHE ۵ 1 9 ۱ transfer functions from 
SESION ۰ و 2 ۰ ۰1 ۰ نت‎ and Ehe appropriate radiation transfer 
function, the radiated sound power level for the electric 
8 1 ۸۷ 5 propulsion motor lubrication oil pump unit Can be com- 


puted. 


When determining the radiation transfer function for the 
electric 61۲ ٩ ۷۵۷ ۵۲ 00 15 16۲ motor lubrication Gil pump unit 
structureborne noise, roughly 16 panels will radiate sound. 
Using the resultant radiation transfer function yields the 
sound power levels radiated into the sea by the propulsion 
motor lubrication oil pump unit structureborne noise. These 
sound power levels are shown below. 

Table 1 — Electric Drive Propulsion Motor 
۱۳۱۵ ۲ 12353531525 Oil ۳۱۱/۱۵ Unit 
Radiated Sound Power Levels 
(im dB re 1 9۱ زا شن‎ 


Octave Band Center Frequency (H2) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 
2.2.3 Electric Drive Total Radiated Sound Power Level 

To find the total radiated sound power level, the "loga- 
rithmic sum” of all of the radiated sound power levels must be 
computed. When this is done, the total radiated sound power 
level for the electric drive propulsion system is found. The 
total radiated sound power level is shown below. 
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Table 1 -—- Electric Drive Total 
Hadiated Sound Power Level 
(in dB re 10722 W) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


Of note, two turbine-generator units are included in the 
5ه 1ه اد لا لد‎ Of both the airborne molse level anda therstructu- 
reborne noise level. 


2.3 Geared, Steam Turbine Drive 
2.3.1 Geared Drive Sources 


Based on the description of the geared, steam turbine 
Grive with conventional hub-to-diameter ratio propeller pro- 
pulsion system in section 3.2.3, the sources listed below will 
cause the vibrations leading to radiated noise. 


2.3.1.1 Propulsion Steam Turbine 


The table below shows the baseline airborne noise source 
level radiated by the propulsion steam turbines which drive 
the geared turbine drive's reduction gear, shaft, and, hence, 
propeller . These source levels are taken from Table 1 of 
Bett em g.l.:1. 


Table 1 - Geared Turbine Drive Propulsion Steam Turbine 
Airborne Noise Source Levels 
(in dB re 107+ W) 


Octave Band Center Frequency (Hz) 
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The structureborne noise source level for the propulsion 
steam turbine is dominated by the reduction gear to which it 
is attached, section 4.3.1.1. Hence, no structureborne noise 
source level will be developed for the propulsion steam 
turbine. 


2.3.1.2 Reduction Gear 


The equation below shows the baseline airborne noise 
source level radiated by the reduction gear which drives the 
geared turbine drive’s shaft. This equation is taken from 
exuation &.3.1.2.1. 


Lug, 769*3.4109(25,750HP)*3.410g(120rpm)-91.1 dB re 10 "W Hl 


The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.2. The 
table shown below provides the octave band airborne source 
levels for the geared turbine drive reduction gear. 


Table 1 - Geared Turbine Drive Reduction Gear 
Airborne Noise Source Levels 
wn dB rero r= y) 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline structureborne 
noise source level radiated By the geared turbine drive 
reduction gear. This equation is taken from equation 


۳ جج‎ 
Lao = 47 + 10l0g(25,750HP)=91.1 dB re Du 82 


The octave band adjustments to this baseline structure- 
borne source level are taken from Table 2 of section 4.3.1.2. 
The table shown below provides the octave band structureborne 


source levels for the geared turbine drive reduction gear. 
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Male e = Geared Turbine Drive Reduction Gear 
O ۱ د 6 دد ۶ ته‎ 256 5۹6 ۳٣ واه ۶ه ناه‎ 
(in dB re 10^? cm/s®) 


Octave Band Center Frequency (Hz) 
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2.3.1.3 Turbine-Generator Source Level 


The equation below shows the baseline airborne noise 
source level radiated by the steam turbines which drive the 
geared turbine drive ship's service generators. This equa- 


tion is taken from equation 4.3.1.3.1. 
ر 1002 1) 10109 + 60 2 ورن وو‎ > 4 dB re 10" 8l 


There are two such 1.1MW turbine-generators in the plant. 
Hence, this source level applies to each turbine-generator. 
The octave band adjustments to this baseline airborne source 
level are taken from Table 1 of section 4.3.1.3. The table 
shown below provides the octave band airborne source levels 


for the geared turbine drive ship’s service turbine-generator 


turbines. Note, a static exciter is assumed for the genera- 
tors. 
Table 1 —- Geared Turbine Drive Turbine-Generator 


Airborne Noise Source Levels 
(in dB re 1074+ W) 


Octave Band Center Frequency (Hz) 
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As discussed in section 4.3.1.3, the structureborne 
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turbine generators is dominated by the generator itself. See 


the following section. 
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2.3.1.4 Turbine-Generator Generator Source Levels 


The equation below shows the baseline airborne noise 
source level radiated by the geared turbine drive ship’s ser- 
vice generators. This equation is taken from equation 
5037921295 2121 م‎ 


1 ومووووب‎ =34+ 10log(1100KW)+7log(3600rpm)=89.3 dB re 7 Hl 


The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.5.1. 
The table shown below provides the octave band airborne 
source levels for the geared turbine drive ship’s service 
generators. 


Table 1 - Geared Turbine Drive Ship’s Service Generator 
Airborne Noise Source Levels 
(in dB ۱9 ۱۱ 0 += W) 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline structureborne 
noise source level radiated by the geared turbine drive 
ship's service generators. This equation is taken from 


2.1. 4۹.2.1 0-1د د ٢‏ 


Lagu 742+ 1010g9(1 100kW)+7log(3600rpm)=97.3 dB re I H2 
[he octave band adjustments to this baseline structure- 
borne source level are taken from Table 2 of section 
ams. l.o.l. The table shown below provides the octave band 
structureborne source levels for the geared turbine drive 


ship's service generators. 


Table 2 - Geared Turbine Drive Ship's Service Generator 
Structureborne Noise Source Levels 
Gn dB ra LO "En S7) 


Octave Band Center Frequency (Hz) 
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2.3.1.5 Reduction Gear Lubrication Oil Pump 


The equation below shows the baseline airborne noise 
source level radiated by the geared turbine drive reduction 
gear lubrication oil pump. This equation is taken from equa- 
NSN GS... 


2 مرو‎ - 15 + 1901691001 4.8 2515100 1200781-79 dB re lO "Ww 81 


The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.4. The 
table shown below provides the octave band airborne noise 
source levels for the geared turbine drive reduction gear 


lubrication oil pump. A gear pump is assumed. 


Table 1 - Geared Turbine Drive Reduction Gear 
Lubrication Oil Pump 
Airborne Noise Source Levels 
(in dB re 10-122 W) 


Octave Band Center Frequency (Hz) 


e 
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4 


The equation below shows the baseline structureborne 
noise source level radiated by the geared turbine drive 
reduction gear lubrication oil pump. This equation is taken 
from equation 4.3.1.4. 6 


CIR 


Il, GO IONIC I4 OHI ET IT dB re 10773 H2 
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The octave band adjustments to thıs baselıne structure- 
borne source level are taken from Table 2 of section 4.3.1.4. 
The table shown below provides the octave band structureborne 
source levels for the geared turbine drive reduction gear 
1 ثانا‎ ١ 1 ۲ ۵ 1۵۳۱ 011 pump. 
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Table e —- Geared Turbine Drive Reduction Gear 
Lubrication Oil Pump 
Structureborne Noise Source Levels 
(in dB re 10-7? cm/s) 


Octave Band Center Frequency (Hz) 
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The equation below shows the baseline airborne noise 
source level radiated by the geared turbine drive reduction 
gear lubrication oil pump drive motor. An induction motor is 
assumed to be the pump’s drive motor. This equation is taken 
mam equation 4.3.1.5.2.1. 


Lyupigpent; ^ 9* 1310g(14.8HP)* 1510g(1200rpm)- 66.4 — dB re 10 "yw H3 


The octave band adjustments to this baseline airborne 
source level are taken from Table 1 of section 4.3.1.5.2. 
The table shown below provides the octave band airborne 
source levels for the geared turbine drive reduction gear 
lubrication oil pump drive motor. 

Table 3 - Geared Turbine Drive Reduction Gear 
Lubrication Oil Pump Drive Motor 
Airborne Noise Source Levels 


(ip daB weg lo-+= Y) 


Octave Band Center Frequency (Hz) 
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The structureborne noise source level for electric motors 
are taken from Table e of section 4.3.1.3.2. The table shown 
below provides the octave band structureborne source levels 
for the geared turbine drive reduction gear lubrication oil 


pump drive motor. 
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Table 4 - Geared Turbine Drive Reduction Gear 
Lubrication O:l Pimp Drive Motor 
Structureborne Noise Source Levels 
(in dB re 107% cm/s?) 


Octave Band Center Frequency (Hz) 
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Whereas the pump and its drive motor are essentially a 
single unit and will be mounted as a single unit, the source 
level of the entire unit will be the "logarithmic sum" of the 
source levels of the pump and its drive motor. The tables 
below show the airborne and structureborne noise source 
levels for the compiete pump unit. 

Table 5 — Geared Turbine Drive Reduction Gear 
Lubrication Oil Pump Unit 
Airborne Noise Source Levels 
(in dB re 10231) 


Octave Band Center Frequency (Hz) 
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Table 6 - Geared Turbine Drive Reduction Gear 


Lubrication 009007 dE 
Structureborne Noise Source Levels 
(in dB re 107" cm/s) 


Octave Band Center Frequency (Hz) 
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2.3.2 Geared Turbine Drive Paths and Radiation 
2.3.2.1 Airborne Noise-Excited Structureborne Noise 


The airborne noise within the engineroom can excite 
Vibrations in the hull. Hence, the sound pressure level 
within the engineroom must be computed. This requires two 
calculations. First, the "room constant" must be calculated 
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meecesragance with section 7.c.2e ef reference [7]. Second; 
the sound pressure level within the space, due to the equip- 


ment operating within the space, must be calculated. 


The room constant for the baseline submarine, OTHEP, will 
be the same as the electric drive variant and the geared- 
turbine drive variant. This is because the enginerooms are 
precisely the same. Based on the arrangement drawings of the 
baseline submarine and the methods of section 7.2.2 of refer- 
ence [71, the room constant for the baseline Submarine’s main 
engineroom is shown in the table below. No acoustic damping 


materials are allowed in the comparative analysis. 
Table 1 - Geared Turbine Drive Engineroom Room Constants - R 
fam dup) 


Octave Band Center Frequency (H2) 
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The next step 1s to calculate the reverberant sound 
pressure level in the space. Note, direct field sound 
pressure levels will not be computed. Only the reverberant 
field will be computed. To find the reverberant sound 
pressure level, the equation below must be used. The 
equation is taken from reference [71] section 7.2.2. 


Lp= Ly- 10log(R)+16 dB re 20uPa Hl 


In this expression, Le represents the reverberant sound 
pressure level. Ly represents the sound power level result- 
ing from the "logarithmic sum" of all of the airborne noise 
sources in the space. R represents the room constant. The 
table below shows the resultant sound power level due to the 
propulsion steam turbine, reduction gear, turbines, genera- 
tors and reduction gear lubrication oil pump located in the 


geared turbine drive submarine's engineroom. 
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Table 2 - Geared Turbine Drive Engineroom 
Reverberant Sound Power Level 
(in dB re 10732W) 


Octave Band Center Frequency (Hz) 
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These values for lw and the values for R in Table 1 are 
Substituted into equation 1 to yield the sound pressure 
levels shown in the table below. 


Table 3 مس‎ Geared Turbine Drive Engineroom 
Reverberant Sound Pressure Levels 


(in dB re 20 microPa) 


Octave Band Center Frequency (Hz) 
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Knowing the reverberant sound pressure level, Le» permits 
calculation of the structural vibrations excited by the 
airborne noise. First, though, the transfer function 
described in section 4.3.2.2 must be calculated. In this 
instance, the pressure hull is the structure being excited 


MNS ہہ +ںجحہ رب‎ Hence, it is a "wetted" structure. 


The area of a panel is taken to be a square whose side 
equals the pressure hull frame spacing, 2.3ft in this case 
(Appendix A). Hence, the area of a panel, Âp, is 6.25ft®. 

The panel length to width ratio, a, is 1 in this case.  Equa- 
tion 4.3.2.2.3 provides the transfer function for wetted 

steel using the panel characteristics listed here. The table 
below shows the transfer function. Note, this is the same as 
that of the baseline submarine, OTHEP. 
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Table 4 — Geared Turbine Drive Engineroom 


Airborne-to-Structureborne Transfer Function (in 


dB) 
Octave Band Center Frequency (Hz) 

م ار 000 نن سم ا A‏ 
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From the reverberant sound pressure level and the 
transfer functions» the airborneunoise-excited estructural 
vibration level can be calculated. 

-acm 


3 #2 


Liex=Lp+TF dB re 10 


Using the relationship in equation 28, the table shown 
below is the acceleration level in the pressure hull due to 


airborne noise-excited vibrations. 


Table 5 - Geared Turbine Drive Engineroom 
Airborne Noise-Excited Structureborne Noise Levels 
(in dB re 1O%8cm/s®) 


Octave Band Center Frequency (Hz) 
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These structureborne noise levels must be included as if 


they were noise generated by a separate source. 


when determining the radiatıon transfer function for the 
airborne noise-excited structureborne noise, roughly 314 pan- 
els will radiate sound into the sea. When the resultant 
radiation transfer function is applied to the acceleration 
levels arising from the airborne noise-excited vibrations, 
Table 5 above, the sound power levels radiated into the sea 
by the airborne noise-excited structureborne noise result. 


These sound power levels are shown below. 
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Table 6 — Geared Turbine Drive Airborne Noise-Excited 
Structureborme Noise Radiated sound Power Levels 
(in dB re 107! W) 


Octave Band Center Frequency (Hz) 
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2.3.2.2 Reduction Gear Structureborne Noise 


The reduction gear qualifies as a Class ITI (over 
10,00016s) piece of machinery. The reduction gear’s founda- 
tion would certainly qualify as a Type B foundation. Using 
the structureborne noise source levels in section B.2.3.1.2, 
the machinery attachment transfer functions from section 
4.3.2.1.1, the foundation transfer functions from section 
4.3.2.1.2, and an appropriate radiation transfer function, 
the radiated sound power level for the electric drive propul- 
Sion motor can be computed. 


When determining the radiation transfer function for the 
electric drive propulsion motor structureborne noise, roughly 
88 panels will radiate sound. Using the resultant radiation 
transfer function yields the sound power levels radiated into 
the sea by the reduction gear structureborne noise. These 
Sound power levels are shown below. 


Table 1 - Geared Turbine Drive Reduction Gear 
Radiated Sound Power Levels 
(in dB re 1071" W) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount %TSM = Two-Stage Mount 
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2.3.2.3 Turbine-Generator Structureborne Noise 


From the arrangement drawing of the electric drive subma- 
Mne design in Section 3.2.3, the turbine-Generator unit is 
seen to be mounted on a common foundation. 1 ۳ ERIS 
۳5 ۲۲ ۱ ۱ د‎ 9۳ all four of the machinery attachments dis- 
cussed in section 4.3.2.1.1 could be used. Furthermore, the 
foundation is attached directly to the pressure hull. Hence, 
the vibration level at the bottom of the foundation will be 
taken to be the hull vibration level. Therefore, no struc- 
Mies transfer function will Be used, TR eermcsure 7 OdB. 


The turbine-generator unit is a Class III machinery (over 
10,0001bs). It wıll sıt on a Type B foundation. To find the 
hull acceleration levels due to the turbine-generator unit, 
the mounting and foundation transfer functions are simply 
subtracted from the generator source level. This source 
level is the source level given in Table 2 of section 
Em. J3.1:45. 


Using the structureborne noise source levels in section 
B.2.3.1.4, the machinery attachment transfer functions from 
section 4.3.2.1.1, the foundation transfer functions from 
section 4.3.2.1.2, and the appropriate radiation transfer 
function, the radiated sound power level for the geared tur- 
bine drive turbine-generator can be computed. Note, this is 
the same turbine-generator unit that is used in the OTHEP 


design. 


When determining the radiation transfer function for the 
geared turbine drive turbine-generator structureborne noise; 
roughly 69 panels will radiate sound. Using the resultant 
radiation transfer function yields the sound power levels 
radiated into the sea by the turbine-generator structureborne 


noise. These sound power levels are shown below. 
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Table 1 - Geared Turbine Drive Turbine-Generator 
Radiated Sound Power Levels 
(in dB re 10712 W) 


Octave Band Center Frequency (Hz) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 
LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


2.3.2.4 Reduction Gear Lubrication Dil Pump Unit Structure- 
borne Noise 


From the arrangement drawing of the geared turbine subma- 
rine design in section 5.2.3, the lubrication oil pump unit 
is seen to be mounted on a common foundation. In this 
configuration, all four of the machinery attachments dis- 
cussed in section 4.3.2.1.1 could be used. Furthermore, the 
foundation is attached directly to the pressure hull. Hence, 
the vibration level at the bottom of the foundation will be 
taken to be the hull vibration level. Therefore, no struc- 
UTE transfer function will be used, TFarzsruertuere = 008. 


The lubrication oil pump unit is a Class II machınery 
(over 10001bs under 10,0001bs). It will sıt on a Type B 
foundation. To find the hull acceleration levels due to the 
pump unit, the mounting and foundation transfer functions are 
simply subtracted from the reduction gear lubrication oil 
pump unit structureborne source level. This source level is 
the source level given in Table 6 of section 8.2.3.1. 


Using the structureborne noise source levels in section 
B.2.3.1.5, the machinery attachment transfer functions from 
section 4.3.8.1.1, the foundation transfer functions from 
section 4.3.2.1.2, and the appropriate radiation transfer 
function, the radiated sound power level for the geared tur- 
bine drive reduction gear lubrication oil pump unit can be 


computed. 
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When Getermining the radiation transfer function for the 
geared turbine drive reduction gear lubrication oil pump unit 
structureborne noise; roughly 16 panels will radiate sound. 
Using the resultant radiation transfer function yields the 
sound power levels radiated into the sea by the reduction 
gear lubrication oil pump unit structureborne noise. These 
sound power levels are shown below. 


Table 1 ~ Geared Turbine Drive Reduction Gear 
LüūDrication 011 Pump Unit 
Radiated Sound Power Levels 
Gn UE TE OES WD) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 

LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 
2.3.3 Geared Turbine Drive Total Radiated Sound Power Level 

To find the total radiated sound power level, the "loga- 
rithmic sum” of all of the radiated sound power levels must be 
computed. When this is done, the total radiated sound power 


level for the geared turbine drive propulsion system is found. 
The total radiated sound power level is shown below. 
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Maite ګر‎ Geared Turbine Drive Total 
Radiated Sound Power Level 
(in dB re 1073] W) 
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HM = Hard Mount HFM = High Frequency Isolation Mount 


سم 


LFM = Low Frequency Isolation Mount TSM = Two-Stage Mount 


Of note, two turbine-generator units are included in the 
Calculation of both the airborne noise level and the structu- 
reborne noise level. 
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